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Abstract
Owing to the dramatic increase in the smart devices’ users in quest of high link
capacity, the design of the next generation of wireless networks will necessarily have
to consider spectral and energy efficiency as the key pillars. The future wireless
heterogeneous cellular networks (HCNs), featuring planned base stations (BSs),
overlaid with unplanned micro, pico and femto BSs, can provide substantial gains
in throughput and user experience as compared to the conventional homogeneous
networks. My research is focusing on developing analytical models for HCNs
employing spectrum and energy efficient techinques using tools from stochastic
geometry.
The first work is motivated to jointly support energy sustainability and high
throughput performance by integrating simultaneous information and wireless power
transfer (SWIPT) with HCNs. In this work, a tractable model for joint uplink (UL)
and downlink (DL) transmission in a K-tier HCN with SWIPT is developed where
the mobile users (MUs) decode information as well as harvest energy in the DL. The
harvested energy is then utilized for UL information transmission. The analytical
expressions for the DL average received power, the DL and UL outage probabilities
and average ergodic rates are derived for the system design. The UL performance of
a MU is shown to be improved by increasing the fraction of the DL received power
for energy harvesting in the network, whereas the energy efficiency is shown to be
improved with the increase in SBSs density.
The second work proposed a K-tier HCNs wherein the macrocell tier comprises
half duplex (HD) BSs and the small cell tiers consist of full duplex (FD) BSs. In
theory, FD data transmission is capable of doubling the spectral efficiency with the
v
Abstract
same amount of energy compared to that of half-duplex (HD) system. The FD
communication is considered at the small cell BSs only due to their low-powered
nature and ease of deployment. The performance of the proposed HCNs is evaluated
in terms of the DL and UL average ergodic rates which is shown to be improved as
compared to the conventional HCNs where all tiers operate in HD mode.
An important challenge in HCNs with FD small cells is the decrease in
coverage due to the increased interference from simultaneous DL and UL operations
on the same band in FD mode. This motivates to consider massive multiuser
multiple-input multiple-output (MIMO) at the macrocells, which is a promising
wireless communication technology for improved coverage and cell edge performance.
In the third work, HCNs with massive MIMO antennas at the macrocell BSs and
FD small cell is studied. Since, UL power control further improves the coverage
performance of the cell edge MUs and efficiently utilize their battery, distance
proportional fractional power control has been considered as well. It is shown that the
link reliability and area spectral efficiency of the network can be significantly leveraged
by taking advantage of FD small cell BSs density and the number of antennas at the
macrocell BSs.
At the end, according to the overall picture of the research conducted, the main
conclusions together with some directions for the future work are presented.
vi
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The upsurge growth of smart phones, netbooks, tablets, and
machine-to-machine (M2M) communication devices along with the increasing
popularity of cloud and Web 2.0 multimedia infotainment applications (e.g., Google,
YouTube, Facebook) demand the fifth-generation (5G) system to be more spectrum
efficient. This exponential growth of data traffic also threatens the rapid escalated
energy consumption [7] and the resulting CO2 emissions, which evoke the rise of
energy efficient technologies to improve the energy efficiency of wireless networks,
and at the same time impose less detrimental effects on the environment [8]. It is
estimated that 5G should have 1000 times higher mobile data volume per unit area
[9], 10 to 100 times higher typical user data rate and number of connected devices,
and 10 times longer battery life for low power devices [10].
To address the above challenges and meet the 5G system requirements, a
dramatic change in the design of cellular architecture is needed. To achieve
higher network capacity and increased spatial spectrum efficiency, traditional cellular
systems are moving towards heterogeneous cellular networks (HCNs). The HCNs
boost the network capacity through a better spatial resource reuse [11–13], where
several classes of BSs, including microcell base stations (BSs), picocell BSs, and
femtocell BSs, are distributed throughout the conventional macrocell network. In
HCNs deployments, the overlaid macrocell provides a wide area coverage whereas the
small cells are deployed in a more targeted manner to alleviate coverage dead zones,
and more importantly, traffic hot zones [14]. In another direction, the advancements
in energy harvesting technologies using radio frequency wireless power transfer
(RF-WPT) have motivated the researchers to apply these for energy efficient wireless
1
Chapter 1. Introduction
communication systems [3, 15]. Unlike other harvesting techniques that depend
on the environment, radio frequency harvesting can be predictable or on demand,
and as such is better suited for supporting quality-of-service-based applications [16].
Alongside the developments, full duplex (FD) communications is widely considered
as one of the promising techniques in 5G systems which can double the spectrum
efficiency by simultaneous transmission and reception on the same frequency and
time resource [4]. Moreover, massive multiple-input multiple-output (MIMO) is
envisioned as a key technology for 5G wireless networks where the BSs equipped
with hundreds of antennas simultaneously communicate with multiple mobile users
(MUs) [17]. Massive MIMO enables fine-grained beamforming towards the MU that
results in improved spectral and energy efficiency [18]. The work presented in this
thesis develops stochastic geometry based analytical models for HCNs employing
state-of-the-art spectrum and/or energy efficient RF-WPT, FD communications, and
massive MIMO technologies 1.
This introductory chapter is divided into four sections. The first section provides
a background on stochastic geometry modeling of HCNs, RF-WPT with emphasis on
simultaneous wireless information and power transfer (SWIPT), FD communications,
and massive MIMO. This section also highlights the research motivation of employing
these techniques to the proposed network architectures. The second section presents
the related works. In Section 1.3, the main contributions of the thesis are discussed.
Finally, Section 1.4 presents the thesis organization.
1.1 Background
Stochastic Geometry Modeling of HCNs
A typical HCN utilizing a mix of macro, pico and femtocells is illustrated in
Fig. 1.1. An immediate effect of the increasing heterogeneity and uncertainty of
1In this thesis, the focus is on evaluating the system performance in terms of spectral efficiency.
The HCNs are considered with state-of-the-art technological solutions that promise reasonable power
saving i.e., SWIPT and massive multiuser MIMO. Energy efficiency is presented and qunatified for
SWIPT based HCNs in Chapter 3.
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Figure 1.1: Illustration of a three-tier HCN [1].
current deployments on the study of cellular networks is that it has limited the
applicability of classical cellular models based mainly on the regularity assumption
of BS locations, such as deterministic grid-based models [19] and Wyner model [20],
to HCNs. For instance, the hexagonal grid model in Fig. 1.2a is compared with
the actual fourth generation (4G) deployment in a sprawling land-locked city in
Fig. 1.2b [1]. The actual single tier deployment already deviates significantly from
the deterministic grid model. The coverage footprints changes even dramatically with
the addition of small cells in single tier network as shown in Fig. 1.3.
A new modeling approach based on stochastic geometry is now widely applied to
capture the topological randomness of multi-tier HCNs, which leads to tractable and
simple analytical results [21]. In [2], it was shown that the DL coverage probability
for the Poisson point process (PPP) model provides a lower bound for the counterpart
with actual 4G deployment. In stochastic geometry, the BS locations are modelled by
a point process (PP) [22–25], which describes the random spatial patterns formed by
points in euclidean space. Then, the analysis is conducted according to the properties
of the selected PP. The performance of a specific realization of the cellular network
at a specific geographical location is not the point of concern in stochastic geometry
3
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(a) Hexagonal Grid Model (b) Actual 4G Deployment
Figure 1.2: (a) Hexagonal grid model with the locations of macrocell BSs indicated
by red circles [1]. (b) Coverage regions with macrocell BS locations drawn from an
actual 4G deployment [2].
based analysis, rather, the average performance over all cellular network realizations
is evaluated, which is denoted as spatially averaged performance. In this thesis tools
from stochastic geometry are used to evaluate the system performance of K-tier
HCNs in terms of Coverage/Outage Probability, Average Ergodic Rate, and/or Area
Spectral Efficiency (ASE) of the network.
Energy Harvesting by Radio Frequency Wireless Power
Transfer
Recently, there has been an upsurge of interest to integrate energy harvesting
technologies into communication networks [3, 26–28]. Several studies have considered
conventional renewable energy resources, such as solar, wind etc., and have
investigated optimal resource allocation techniques for different objective functions
and topologies. However, harvesting energy from conventional energy sources (e.g.
solar, wind, ambient RF waves etc.) is not stable over time, location, and weather
4
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Figure 1.3: Coverage regions in a two tier HCNs with macrocell following the same
locations as in Fig. 1.2a, and small cells (denoted by smaller circles) overlaid randomly
[1].
conditions, therefore hard to satisfy the power demands of delay constrained wireless
applications. Whereas, harvesting energy using wireless power transfer (WPT)
provides stable and controllable energy, thus has motivated the researchers to apply
it for energy efficient wireless communication systems. WPT can be implemented
by three techniques, namely inductive coupling (short range), magnetic resonance
coupling (mid range), and radio frequency wireless power transfer (RF-WPT) (long
range). The applications of the first two techniques are quite limited, not only in
terms of the transfer distance, but also due to the requirement of alignment and
calibration of coils at both ends. RF-WPT can avoid these limitations, but comes at
the cost of severe propagation loss over long transfer distance. In RF-WPT, the nodes
charge their batteries from microwave energy over the air. The recent advances in
antenna technologies and hardware production techniques have enabled much higher
radio frequency (RF) power to be efficiently transferred to wireless devices.
5
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Simultaneous Information and Power Transfer
With RF-WPT, information could also be concurrently transmitted using the
same spectrum [29, 30]. Such a design paradigm is referred to as simultaneous
wireless information and power transfer (SWIPT) that enjoys several advantages.
First, transmitting information and energy in the same signal is more efficient in
spectrum usage than transmitting them in orthogonal time or frequency channels
[31]. Second, as compared to the traditional RF-WPT where the transmission of
single tone (and its unintended harmonics) can interfere with communication links,
SWIPT provides better interference control. Further, SWIPT offers a low cost option
for sustainable systems with no requirement to modify hardware at the transmitter
side [32].
One practical application of SWIPT is the wireless powered cellular networks
(WPCNs) [33]. WPCNs have initiated a paradigm shift in designing cellular
networks where the users harvest energy from the downlink (DL) for the uplink
(UL) information transmission. In SWIPT based WPCNs, the users decode/transmit
information as well as harvest energy in the DL for the UL information transmission.
SWIPT thus can be a potential technique for spectrum and energy efficient 5G
networks.
Full Duplex Communications
In half-duplex (HD) wireless communications systems, bidirectional
communication between a pair of nodes is achieved with either frequency division
duplexing (FDD) or time division duplexing (TDD). In FDD different frequency
bands are used for the uplink (UL) and downlink (DL), whereas, in TDD, a
single channel is shared in the time domain for both UL and DL. Such techniques
however are not suitable to fulfil the envisioned requirements of next generation
wireless systems [34]. Recently, increasing research has been conducted on FD
communication, which allows transmitting and receiving data simultaneously, within
the same frequency band [35]. In theory, FD data transmission is capable of doubling
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the spectral efficiency of half-duplex (HD) system. However, FD has been previously
regarded as hard to be realized in practice due to its high residual self-interference
(SI) problem. Fortunately, the recent advances on SI cancellation, such as antenna
separation schemes [36, 37], beamforming-based techniques [38–40], and digital
circuit domain schemes [41, 42], have demonstrated the feasibility of FD transmission
for short to medium range wireless communications.
Massive multiuser MIMO
Massive multiuser MIMO employs a large number of antennas at the BS to
exploit the high antenna array gain. The large antenna array improves the throughput
by enhancing the received signal power. Another advantage of massive multiuser
MIMO lies in its potential to increase energy efficiency compared to a corresponding
single-antenna system. It is shown in [4] that each single-antenna user in a massive
multiuser MIMO system can scale down its transmit power proportional to the
number of antennas at the BS with perfect channel state information (CSI) or
to the square root of the number of BS antennas with imperfect CSI, to get the
same performance as a corresponding single-input single-output (SISO) system. This
leads to higher energy efficiency and is very important for future wireless networks
where excessive energy consumption is a growing concern [5], [6]. Moreover, if
adequate transmit power is available, then a massive multiuser MIMO system could
significantly extend the coverage compared with a single antenna system due to
superior interference mitigation [43]. The driving motivation of massive multiuser




1.2 Related Works and Motivations
1.2.1 Energy Harvesting in WPCNs
Lately, energy harvesting in WPCNs has received considerable attention, where
wireless devices harvest energy from the ambient RF signals in the wireless network.
The work in [44] proposed ‘harvest then transmit’ protocol in single-antenna WPCN,
where MUs harvest energy in the DL for transmitting the UL information. The
work in [45] studied the energy beamforming design with transmit power control to
maximize the UL throughput performance in multi-antenna WPCN. The work in
[31] highlighted the potential benefits of SWIPT in resource allocation algorithms
and cognitive radio networks. Furthermore, WPCN designs are developed for user
cooperation [46], FD network [47], and massive multiuser MIMO system [48].
In [49], RF signal transmitted by primary users was used to power the secondary
users in cognitive radio network. In [50], the device to device (D2D) communication
was powered by the energy harvested from the concurrent DL transmissions of the
macro BSs. In [51], the power beacons (PBs) were deployed in the cellular network to
power the MUs for the UL information transmission, but the deployment of dedicated
PBs incur additional operation and maintenance costs. In [52], the UL transmission
of MUs are powered by the ambient interference. However, it has been mentioned
in [53] that harvesting energy from the non-dedicated ambient interference signals
could be unstable and unreliable. Applying SWIPT in HCNs can provide stable and
reliable energy for MUs by harvesting energy from the dedicated serving BS (similar
to PBs), as well as from the DL interference signals at no extra cost. The densification
of multi-tier HCNs will reduce the relative distance between BS and MU, which has
the potential to fulfill the short range power transfer requirement reported in [53]. As
such, the serving BS acts as a dedicated RF energy source, similar to power beacon
in [51]. Meanwhile, due to the universal frequency reuse, the typical MU also endures
high levels of interference from the nearby interfering BSs. These densely deployed
interfering BSs are typically located close to the typical MU, acting as ambient RF
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energy source for the MU [54].
A crucial factor in modeling the wireless powered HCNs is cell association which
substantially affects the network performance [55]. The UL cell association in wireless
powered HCNs has been studied in [53] and [52], where the MUs are powered by the
harvested energy from the ambient RF signals. In [56], the UL cell association was
based on nearest BS (NBS) cell association, while in [52], it was based on flexible
cell association. However, the impact of different cell association schemes on the
performance of WPCNs has not been studied in the literature. It is pointed out in
[53], there are two types of user association designs for wireless powered HCNs: 1)
DL based user association for maximizing the harvested energy, which increases the
MUs transmit power; 2) UL based user association for minimizing the uplink path
loss, which increases the received signal power at the serving BS [52, 56]. As such,
the UL-DL decoupling access studied in [57–59] could be the promising approach to
achieve both maximum downlink harvested energy and minimum uplink path-loss,
however work is needed to have the concept of decoupled access in 5G. Motivated by
these facts the proposed work evaluates the system performance of HCNs with SWIPT
where the cell association is based on: 1) NBS and 2) MRP cell associations. The
NBS cell association provides the lowest path loss in the UL information transmission,
whereas, the conventional maximum received power (MRP) cell association enhances
DL wireless power transfer at the MU of being associated with the BS that provides
the maximum received power.
1.2.2 FD Communication and multiuser MIMO in Cellular
Networks
FD-enabled wireless networks have been attracting growing interest, recently
[60]. The performance gains brought by FD transmission in cellular networks have
been studied in [61–63]. In [61], the ASE was derived for small cell networks with
FD transmission, and the SI was shown to be dominant compared to the aggregate
interference. Furthermore, the work in [62] proposed in-band α-duplex scheme in
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multi-cell networks with FD operation in each cell, which allows a partial overlap
between DL and UL frequency bands. The results in [62] demonstrated that the
overlap parameter, α, can be optimized to achieve maximum FD gain. In [63], the
cell association problem in multi-tier in-band FD networks was investigated. It is
shown that the proposed decoupled cell association, where MUs can be served by
different BSs in the UL and DL transmission, outperforms the coupled cell association
in which MUs associate to the same BS in both DL and UL.
It has been noted in [64] that the biggest beneficiaries of FD technology might
be the networks with relative low transmission power and short communication range
[65–67], where the SI is more manageable as compared to the conventional high-power
macro counterparts. FD transmission is shown to be a promising technique to
improve the spectral efficiency of small cell wireless communications systems in [68].
Furthermore, it has been found in [69] that hybrid-duplex system where each tier
operates either in HD or FD mode improves the heterogeneous network throughput.
This inspires and motivates to investigate the feasibility and performance gains of
FD small cells underlay HCNs, where the macro tier operates in HD mode.
In FD communication systems, each transmission potentially experiences higher
interference from within the cell and from neighboring cells compared to the
traditional HD cellular systems. The high interference in each direction raises
several questions regarding the potential performance of FD operation in a cellular
systems. As a consequence, FD systems not only cannot achieve their potential
spectral efficiency gain, but can suffer from high outage probability. Mixed multi-cell
systems [70–72], where only a given fraction of cells operate in FD mode, have been
proposed in order to maintain the interference within a moderate level during FD
operations. On the other hand, the work in [69] has shown that operating all BSs
in FD or HD achieves higher throughput compared to the mixture of two modes.
Besides, multiuser MIMO has been extensively investigated to enhance the spectral
efficiency and reduce the interference by utilizing the spatial dimension [73]. The
work in [74] presented the coverage probability and area spectral efficiency (ASE)
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for the downlink (DL) MU in HCNs with multiuser MIMO using stochastic tools.
The work in [74] was extended to [75], which studied the load balancing strategy,
which maximizes the coverage probability. Considering HD multiuser MIMO at the
macrocells will make up for the increased interference due to FD operation at small
cells BSs. The study in Chapter 4 characterize the diverse interference issues due to
the FD small cell transmissions, propose a theoretical framework to critically analyze
system’s performance, and compare with the conventional HCNs with HD SBSs.
1.2.3 Massive Multiuser MIMO and FD Communications
in Cellular Networks
Massive multiuser MIMO is presented as one of three contributors to reaching
higher spectral efficiencies in 5G systems, the others being advanced interference
mitigation and densification using small cells [76]. Several recent studies focus on
multiuser MIMO with a large numbers of antennas, where beamforming gains are
so large that both intercell and intracell interference can be very low. Spectral
efficiency can reach high values, like 100 b/s/Hz [77]. It is shown in [78] that
small cell in-band wireless backhaul has the potential to increase the throughput
of massive multiuser MIMO systems. The authors in [79] investigated the spectrum
and energy efficiency of the massive MIMO-enabled FD cellular networks. In [80],
the rate coverage probability of a massive multiuser MIMO-enabled wireless backhaul
networks was evaluated, where each SBS can be configured with either in-band
or out-of-band FD backhaul mode. In [81], the authors studied the joint in-band
backhauling and interference mitigation problem in HCNs, which consists of a massive
multiuser MIMO MBS overlaid with self-backhauled small cells. Note that the
aforementioned studies have not considered the HCNs with only the SBSs in FD
mode for comparatively controlled interference and massive multiuser MIMO at MBSs
for boosting the coverage which would otherwise be reduced due to the increase in
interference by FD small cells. The inspiration is to integrate the complementary
benefits of massive multiuser MIMO and FD techniques in HCNs with massive
11
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multiuser MIMO macro tier overlaid with a FD small cells. Massive multiuser MIMO
MBSs not only ensure link reliability, but also reduce the radiated power, while FD
SBSs fulfils the fast growing data demands.
Increasing the number of FD SBSs in HCNs to increase the overall throughput
comes at the cost of a drop in coverage, as discussed in Section 1.2.2. It would be
interesting to explore the trade-off between rate coverage probability and ASE of the
HCNs, where massive multiuser MIMO are employed at the MBSs to compensate for
the coverage reduction that results due to the increase in interference by FD SBSs
with. The aim is to find the proportion of FD SBSs and number of massive multiuser
antennas at MBSs such that some given constraints in terms of ASE or, alternatively,
of coverage, can be met. The trade-off between the ASE and the link reliability was
discussed in wireless ad-hoc networks [82–84]. In these networks, increasing the
density of transmitters affects both link reliability and ASE, therefore the trade-off
between them is essential to balance both aspects. The trade-off between the ASE
and the coverage probability has been studied in massive multiuser MIMO HCNs [85]
and a mixed multi-cell system composed of FD and HD small cells [72]. Most of the
existing works investigated the ASE of FD networks while the coverage reduction is
not taken into account.
Moreover, transmit power control in wireless cellular networks is used for the
management of interference, energy, and connectivity. Fast UL power control has
been an especially important feature in code division multiple access (CDMA)
based networks [86–88]. The work on the use of power control in modern
orthogonal frequency division multiple access (OFDMA) based networks has focused
on evaluating performance of different power control algorithms for a given set of
system parameters via intensive simulations [89, 90]. However, these studies utilize
the standard regular hexagonal model for BS locations and the results are produced
via simulation, which limits the scope to a limited set of possible design parameters.
The works in [91, 92] modeled UL cellular networks with power control using tools
from stochastic geometry. [91] derived UL coverage probability for a randomly chosen
12
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MU with fractional power control, provided system design guidelines comparing DL
and UL coverage, and evaluated transmit power utilization as a function of the
power control parameters. They provided the tradeoff between using fractional power
control to benefit cell-edge users and reducing overall power utilization by mobiles.
In [92], the truncated channel inversion power control model accounted for limited
transmit power of the MUs, per MU power control, and cutoff threshold for the power
control. Motivated by the aforementioned studies, employing UL power control in
the proposed HCNs in with FD SBSs in Chapter 5 can attain desirable coverage both
in the DL and the UL by tuning the UL power control factor, where an increase in
the UL power control factor increases the useful signal power at the serving SBS as
well as the interference at other BSs and MUs.
1.3 Research Contents and Contributions
1.3.1 SWIPT in K-tier HCNs
In Chapter 3, a tractable model for joint DL and UL transmission of K-tier HCNs
with SWIPT is developed for efficient spectrum and energy utilization. In the DL,
the MUs with power splitting receiver architecture decode information and harvest
energy based on SWIPT. While in the UL, the MUs utilize the harvested energy for
information transmission. Since cell association greatly affects the energy harvesting
in the DL, and the performance of wireless powered HCNs in the UL, therefore, the
DL and the UL performance of a random MU in HCNs with NBS cell association is
compared to that with maximum received power (MRP) cell association. The DL
average received power for the MU with the NBS and the MRP cell associations
is derived first. The system performance is then evaluated in terms of the outage
probability and the average ergodic rate in the DL and the UL of a random MU in
HCNs with the NBS and the MRP cell associations. The results show that increasing
the small cell BS density, the BS transmit power, the time allocation factor, and the
energy conversion efficiency, weakly affect the DL and UL performance of both cell
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associations. However, the UL performance of both cell associations is shown to be
improved by increasing the power splitting factor. Moreover, improvement in the
energy efficiency is observed with the increase in SBSs density.
1.3.2 K-tier HCNs with FD Small Cells
In Chapter 4, a tractable model for DL and UL transmission in K-tier HCNs
with HD multiuser MIMO at macrocell base stations (MBSs) and FD at small cell
base stations (SBSs) is developed for spectrum efficiency. The small cells are a
promising candidate for FD technology due to the low transmit power and lower
cost for implementation compared with the macrocell counterpart. The analysis
explicitly characterized the network interferences generating from the distributed FD
SBSs and UL MUs for performance evaluation. To evaluate the spectral efficiency
of the network, analytical expressions for the DL and UL average ergodic rate are
derived. Numerical results investigate the impact of different parameters on the
average ergodic rate in various scenarios. It is shown that applying FD technique at
SBSs in HCNs with HD MBSs enhance the average ergodic rate of a random MU,
compared to HCNs with HD MBSs and HD SBSs. Moreover, equipping large number
of antennas at multiuser MIMO in macrocell enhance the average ergodic rate of a
random MU in HCNs. The UL performance is shown to be improved by enhancing
the self interference cancellation capability, increasing the density of FD SBSs, or
decreasing the transmit power of FD SBSs.
1.3.3 Massive multiuser MIMO in K-tier HCNs with FD
Small Cells and UL Power Control
In Chapter 5, HCNs with HD massive multiuser MIMO MBSs and FD SBSs is
proposed to improve rate coverage and ASE. Employing massive multiuser MIMO at
MBSs relax the coverage reduction that results due to the DL and UL interferences as
well as the residual loop interference in FD small cells of HCNs. Distance-proportional
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fractional power control is employed in the UL, which provides coverage improvement
to the cell-edge MUs and efficient utilization of MUs battery. A tractable framework
of the proposed system is presented, which allows to derive the expressions for the
DL and the UL rate coverage probabilities, and the DL and the UL ASEs. The
results revealed that equipping massive number of antennas at MBSs enhances the
DL rate coverage probability, whereas increasing FD SBSs increases the DL and the
UL ASEs. The results also demonstrate that by tuning the UL fractional power
control, a desirable performance in both UL and DL can be achieved.
1.4 Thesis Organization
The remainder of this thesis is organized as follows. Chapter 2 introduces the
background knowledge of this thesis. The technical contributions of this thesis are
covered from Chapter 3 through 5. Specifically, Chapter 3 studies the DL and UL
performance of K-tier HCNs with SWIPT. Exact and approximate expressions for
the DL and UL outage probability and average ergodic rate experienced by a typical
MU are derived using tools from stochastic geometry. Chapters 4, on another front,
proposes FD small cells in K-tier HCNs to enhance the spectral efficiency where
multiuser macrocell BSs operate in conventional HD mode. The network interferences
generating from the distributed FD SBSs and UL MUs are characterized and the
performance is evaluated in terms of the DL and UL average ergodic rates. In Chapter
5, the above model is presented with massive multiuser MIMO at MBSs for the
improved coverage, and UL power control is used to enhance the coverage of cell edge
MUs. The performance of the DL and the UL transmission of the HCNs is evaluated
in terms of rate coverage probability and ASE. Finally the thesis is concluded and




This chapter provides the background knowledge for the technical works
presented in the rest of the chapters. The basic fading channel characterization
is first presented followed by the stochastic geometry modeling of wireless networks
for a complete understanding of the technical works in Chapters 3, 4, and 5. The
concept of SWIPT is explained in the next section, which is proposed for energy
efficient HCNs in Chapter 3. FD Communications, multiuser MIMO, and massive
multiuser MIMO are described in the last three sections of this chapter, which lay a
solid foundation for the technical works in Chapters 4 and 5.
2.1 Characterization of Fading Channel
A fading channel is a communication channel in wireless communications, where
the signal quality degrades from the transmitter to the receiver due to multipath
propagation and shadowing. Fading channels are often classified into large scale and
small scale fading.
2.1.1 Large Scale Fading
Large scale fading is the signal attenuation due to propagation over large
distances and by the diffraction around large objects in the propagation path. Large
scale fading is characterized by path loss and shadowing models. In this thesis, we
consider only the path loss model since the shadowing is highly dependent on practical
environment, such as trees, mountains and large buildings.
Path loss models simplify Maxwell’s equations and vary in complexity and
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accuracy. In this thesis, simplified path loss model is used which captures the main







where Pr is the received power, Pt is the transmitted power, K is the constant that
depends on the antenna characteristics and the free space path loss up to the reference
distance d0 between transmitter and receiver, and d is the distance between the
transmitter and receiver.
2.1.2 Small Scale Fading
Small scale fading results from the presence of reflectors and scatterers in the
propagation path that cause multiple versions of the transmitted signal to arrive at the
receiver, each distorted in amplitude and phase as per the relationship between signal
and channel parameters. The small scale fading can be classified into slow fading and
fast fading [93] based on the multipath time delay spread [93]. Coherence time is
defined to understand slow and fast fading, which is the minimum time required for
the magnitude change of the signal to become uncorrelated from its previous value.
If the symbol time duration is smaller than the coherence time, then we call it the
slow fading. Conversely, we call it the fast fading. The slow fading is considered in
this thesis where the amplitude and phase change through the propagation channel
can be viewed as constant.
Small scale fading is also classified as flat fading and frequency-selective fading
based on doppler spread, which depends on the frequency selectivity characteristic of
fading channels [93]. Coherence bandwidth is defined to understand flat fading and
frequency-selective fading, which is the approximate frequency interval over which two
frequencies of a signal are likely to experience similar amplitude fading. In flat fading,
the bandwidth of transmitted signal is much smaller than the coherence bandwidth,
whereas in frequency-selective fading, the bandwidth of transmitted signal is bigger
17
Chapter 2. Fundamental Concepts
than the coherence bandwidth.
Several multipath models have been developed to explain the observed statistical
nature of a fading channels. In the following, Rayleigh fading and Nakagami-m fading
used in this thesis are presented.
2.1.2.1 Rayleigh Fading
Rayleigh fading is a widely used multipath model in scenarios, where the signal
may be considered to be scattered between the transmitter and receiver, such as
cellular communication in a well built urban environment. It assumes that the
magnitude of a signal varies randomly through the propagation according to the
Rayleigh distribution [94]. The probability density function (PDF) of the Rayleigh










where ρ¯ = E [|h|2].
2.1.2.2 Nakagami-m Fading
Nakagami-m fading is a more general model for characterizing fading channels,
which has the verstality in providing a good match to various experimentally obtained
data [95]. In Nakagami-m fading, the channel power gain is Gamma distributed with







where ρ¯ = E [|h|2] and Γ() is the Gamma function.
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2.2 Stochastic Geometry Tools for Wireless
Communications
Stochastic geometry allows to study the average behaviour over many spatial
realizations of a network, where nodes follow specific probability distribution [96].
Lately, there has been growing interest in stochastic geometry to model different types
of wireless networks, characterize their operation, and understand their behaviour
[97]. In large-scale networks, where there exists high uncertainty on the locations and
channels of wireless terminals, the stochastic geometry provides a simple and tractable
approach to study the network behaviour. In some special cases, stochastic geometry
based analysis can lead to closed-form expressions of the performance metrics of the
system. These expressions enable the understanding of network operation and provide
insights for the system design, which are often difficult to get from computationally
intensive simulations. In the following, some basic concepts from stochastic geometry
are introduced.
2.2.1 Point Processes
A point process (PP) is defined as a random collection of points residing in
a measure space, which is the Euclidean space Rd for cellular networks [98]. It is
mathematically defined as
Φ = {Xi, i ∈ N} (2.4)
where Xi is the random variable. Another way of defining point process is in terms
of random counting measures, where the number of points falling in any set S ⊂ R2




1(Xi ∈ S) (2.5)
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where Ψ(S) is a random variable whose distribution depends upon Φ. In stochastic
geometry based network analysis, the network is abstracted to a point process (PP),
where the points represent the nodes located in a large geographical area. A matching
PP is selected to model the positions of the nodes according to the network properties.
Some of the important statistical measures of the PP are defined in the following.
Expectation Measure
Expectation measure is the mean of Ψ(S) given as
µ(S) = E[Ψ(S)] (2.6)
Probability Generating functional PGFL
The PGFL of the PP with respect to (w.r.t.) a function f is defined as the mean







In stochastic geometry based wireless network analysis, the PGFL is generally used
to evaluate the Laplace transform of a interference I, which is usually an intermediate
step in the characterization of signal-to-interference-plus-noise-ratio (SINR). The





where g(Xi) is the function that represents the interference signals from the interfering
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2.2.2 Poisson Point Processes
A Poisson point process (PPP) with expectation measure µ(.) is characterized
by the following conditions
• If Ψ(S) is Poisson distributed with mean µ(S) for every set S.
• The random variables Ψ(S1), ...,Ψ(Sm) are independent for any m disjoint sets
S1, ...,Sm.
In this thesis, homogeneous Poisson point prcess (HPPP) is considered, which is
a PPP with uniform intensity λ such that
µ(S) = λ`(S) (2.10)
where `(S) is a Lebesgue measure (i.e. size) of S. An important characteristic of
of a HPPP is that conditioned on the number of points in S, all the points are
independently and uniformly distributed in S. In the following, some important
properties and statistical measures of HPPP are presented.
Campbell’s Theorem
Campbell’s theorem provides a key tool to convert a sum into a integral, therefore
can be used to compute the expectation of a random variable of the interference signal











Chapter 2. Fundamental Concepts
PGFL of a HPPP
The PGFL of a HPPP is used to convert an expectation of a product of the














The Laplace transform of the interference signal (2.8) can be evaluated using PGFL.
Slivnyak’s Theorem
Slivnyak’s theorem states that for a PPP Φ, conditioning on a point at x does
not change the distribution of the rest of the process because of the independence
between all of the points of the PPP. Slivnyaks theorem is useful because it allows
to add a point to the PPP at any feasible location, such as the origin or at a fixed
distance from the origin, without changing its statistical properties
2.3 SWIPT
Recent advances in rectennas (rectifying antennas) for efficient
radio-frequency-to-direct-current (RF-to-DC) conversion have enabled much
higher RF power to be efficiently transferred and harvested by wireless devices.
Besides, information could also be jointly transmitted with energy via the same
waveform using SWIPT, which has shown to be more efficient in spectrum usage
than transmitting information and energy separately in orthogonal waveforms
[99, 100].
2.3.1 Rate Energy Trade-off
A practical SWIPT system involves rate-energy trade-off in both the transmitter
and receiver designs to achieve balanced EH and ID performance. In Fig. 2.1, a
SWIPT network with a multi-antenna hybrid access point (HAP) is shown that
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Figure 2.1: A SWIPT network model and practical receiver structures [3].
jointly transmits energy and information to multiple receivers, some of which only
harvest energy or receive information, while some do both simultaneously. EH
receivers are generally closer to the transmitter than ID receivers due to the different
power sensitivities (e.g. -10 dBm for EH receivers vs. -60 dBm for ID receivers).
The optimal waveforms for the information and energy transfer are fundamentally
different, therefore the waveform design at the transmitter side need to follow a
rate-energy trade-off for the balanced performance of SWIPT in terms of EH and ID.
2.3.2 Practical Receiver Structures
Fig. 2.1 illustrates some practical receiver structures, namely, time switching
(TS), power splitting (PS), integrated ID/EH receiver (IntRx), and antenna switching
(AS) [3].
Time Switching
The TS receiver architecture is shown as Rx 1 in Fig. 2.1, where the receiving
antenna switches its operation periodically between the receive antenna for energy
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harvesting (EH) and that for information decoding (ID) within each time slot.
The time duration of energy/information transfer can be tuned to achieve different
rate-energy trade-offs.
Power Splitting
The PS receiver architecture is shown as Rx 2 in Fig. 2.1, where the received
signal at each antenna is split into two separate streams according to a power ratio
0 ≤ ρ ≤ 1, where ρ times the received power is sent to the EH receiver and the other
(1 − ρ) times the received power to the ID receiver. Adjusting ρ results in different
rate-energy trade-offs.
Integrated Receiver
The IntRx receiver architecture is shown as Rx 3 in Fig. 2.1, where the RF front
ends of the EH and ID receivers are combined, and the signal first converts into direct
current (DC) and then splits into two streams for EH and ID. IntRx is superior than
PS/TS receivers when more harvested energy is required, because active frequency
down conversion is not performed [100].
Antenna Switching
The AS receiver architecture is shown as Rx 4 in Fig. 2.1, where the receiving
antennas are divided into two groups with one group switched to ID and the other
group to EH. It can be regarded as a special case of PS with ρ is being zero or one
at each receiving antenna.
2.4 Power Consumption in SWIPT System
The power consumption of the SWIPT based OFDMA system with power
splitting receiver architecture is formulated in [].
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Figure 2.2: Comparison of rate-energy trade-offs of SWIPT receivers [3].
















∣∣hbju0∣∣2L0(max{∥∥xbju0∥∥ , d})−`j︸ ︷︷ ︸
Ibx
(2.13)
The comparisons of rate-energy trade-offs of SWIPT receivers in a point-to-point
additive white Gaussian noise (AWGN) channel is shown in Fig. 2.2 [3]. The
rate-energy region of the ideal receiver is a box. Similar is the observation for IntRx
structure, where major amount of DC current is used for EH in contrast to ID as an
optimal design. PS receiver is observed to have a strictly larger rate-energy region
as compared to TS receiver. In Chapter 3, PS receiver is considered for SWIPT in
HCNs.
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2.5 FD Communications
In FD wireless communications, a device can transmit and receive signals
wirelessly at the same time and in the same frequency band. The key challenge
to implement FD communication is the large power difference between the
self-interference created locally by a device’s own wireless transmissions and the
received signal of interest coming from a distant transmitting antenna. Recently,
there has been tremendous progress towards SI cancellation techniques to achieve
FD in both industry and academia.
2.5.1 SI Cancellation
There are several approaches to SI reduction for FD nodes, which can broadly
classified into: wireless-propagation domain, analog-circuit domain, and digital
domain approaches [4].
2.5.1.1 Wireless-Propagation Domain
In wireless-propagation domain cancellation techniques, the transmit chain
is electromagnetically isolated from the receive chain, i.e., the self-interference is
suppressed before it is reflected in the receive chain circuitry. Generally, this is
accomplished by some combination of antenna directionality, cross-polarization, and
transmit beamforming. The advantage of propagation domain is that the downstream
receiver hardware does not need to process signals in detail with a large dynamic
range.
2.5.1.2 Analog-Circuit Domain
In analog-circuit domain cancellation schemes, a copy of transmitted signal from
a suitable location of the transmitter is tapped and subtracted (after proper gain,
phase, and delay adjustment) from each receive antenna feed. Tapping the outgoing
signal close to the antennas captures the presence of analog-domain non-idealities
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(a) Separate-Antenna Architecture. (b) Shared-Antenna Architecture.
Figure 2.3: Full Duplex Antenna Architectures [4].
e.g., oscillator phase-noise and amplifier distortion, whereas tapping the transmit
signal in digital-domain, for subsequent use in analog-domain cancellation, facilitates
sophisticated adaptive digital signal processing (DSP) techniques to reflected-path
self-interference.
2.5.1.3 Digital Domain
In digital domain cancellation methods, the SI is cancelled after the
analog-to-digital-converter (ADC) by applying sophisticated digital signal processing
(DSP) techniques to the received signal, which makes the processing relatively easy.
However, due to the fact that the ADCs dynamic-range limits the amount of SI
reduction that is possible, a sufficient amount of the SI suppression must first be
applied using the propagation-domain and/or analog-circuit-domain methods before
the ADC.
2.5.2 FD Antenna Architectures
FD transmission can be realized at the access points through separated or shared
antenna configurations [64].
2.5.2.1 Separate-Antenna
In the separate-antenna architecture, there is dedicated radiating antenna for
transmission and dedicated sensing antenna for reception. Natural isolation between
transmission and reception can be achieved from the sheer physical distance of the
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Figure 2.4: Block Diagram of Hybrid Analog and Digital SI Cancellation Design of
FD Radio [5]. T (red) is the transmitting signal, R (green) is the intended receive
signal.
antenna sets [101]. The advantage of separated antenna deployment is its relatively
easy implementation, specifically for the large devices.
2.5.2.2 Shared-Antenna
In shared-antenna deployment, only one antenna set is used for both transmission
and reception simultaneously. The received and transmitted signal are separated with
the help of a circulator, which routes the transmitted signal from the transmitter to
the shared-antenna and the received signal from the antenna to the receiver.
In terms of antenna usage, the efficiency of the shared-antenna configuration
is higher than that of the separated one [102]. Besides, the shared-antenna
configuration is a promising alternative for separated-antenna configuration in short
range communications, where the transmit power is low and the antenna isolation
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requirement is less rigorous compared with medium to long range communication
[102]. Accordingly, in Chapter 4 and 5, shared-antenna architecture is assumed.
2.5.3 FD Design Example
Fig. 2.4 shows the block diagram of hybrid analog and digital SI cancellation
design of FD radio, which can achieve 110 dB of cancellation and eliminates SI
to the noise floor [5]. A single antenna is connected at port 2 of a 3 port device
that provides limited isolation between port 1 and port 3 while letting signals pass
through consecutive ports. The transmit signal is fed through port 1, which routes
it to the antenna connected to port 2, while the received signal from the antenna
is passed from port 2 through to port 3. The circulator cannot completely isolate
port 1 and port 3, therefore the transmit signal leaks from port 1 to port 3 and
causes interference to the received signal. The proposed analog cancellation circuit
in [5] is trying to recreate a signal that matches the leaked interference signal for
cancellation, where the transmit chain is tapped just before it goes to the circulator
to obtain a small copy of the transmitted signal. The copy of the signal is then passed
through a circuit which consists of parallel fixed lines of varying delays (essentially
wires of different lengths) and tunable attenuators. The lines are then collected
back and added up, and this combined signal is then subtracted from the signal on
the receive path. In effect, the circuit is providing copies of the transmitted signal
delayed by different fixed amounts and programmatically attenuated by different
variable amounts so that the self-interference cancellation be maximized. In essence,
the cancellation is viewed as a sampling and interpolation problem. The actual
self-interference signal has a particular delay and amplitude that depends on the
delay d and attenuation a through the circulator. The results have shown that the
fixed delays in the cancellation circuit in Fig. 2.4 should be picked such that they
straddle the delay of the self-interference signal through the circulator. In practice
it is hard to know the precise value of d since it is a function of how the circuit is
connected, but the range over which it varies can always be found and the fixed delays
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outside of that range could be placed on either side. The digital cancellation stage
eliminates any residual self interference. Assuming that analog cancellation provides
60dB, digital cancellation has to cancel the linear main signal component by another
50dB and non-linear components by another 20dB. The linear component consists of
the main transmitted signal that is leaking over through the circulator after analog
cancellation, as well as any delayed reflections of this signal from the environment,
whereas the nonlinear component are created because radio circuits can take in an
input signal x and create outputs that contain non-linear cubic and higher order
terms such as x3, x5. These higher order signal terms have significant frequency
content at frequencies close to the transmitted frequencies. In contrast to cancelling
linear components, canceling nonlinear components calls for extra resources such as
hardware, pilot overhead, and/ or computational complexity.
In summary, FD radio designs requires RF circuit and system design for anolog
SI cancellation and digital signal processing for residual SI cancellation. The
SI cancellation cannot be solved in any one domain alone, the solution requires
understanding trade-offs in both the domains and architecting it appropriately which
results in higher signalling overheads. In the foreseeable future, it is unlikely that
mobile nodes are equipped with FD radios due to the cost and complexity of SI
cancellation techniques. Considering this limitation, a typical deployment scenario
will be the FD transmission between a FD BS and legacy HD nodes, where the BS
assigns a subchannel to two different nodes, one for UL and the other for DL.
2.6 Multiple Antenna System
Multiple antennas equipped at the transmitter/receiver improves the wireless
system performance by exploiting the spatial domain and utilizing the multipath
effect [103–107]. In wireless communication systems, the diversity and signal-to-noise
ratio (SNR) gains are achieved with multiple antennas as compared with the single
antenna [108, 109]. The diversity gain is the increase in reliability by combining
multiple received copies of transmitted signal. The SNR gain is the increase in
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Figure 2.5: DL model of a multiuser MIMO network [6].
average received SNR by coherently combining the incoming/outgoing signals.
2.6.1 Multiuser MIMO
Multiuser MIMO has become an integral part of communications standards,
such as 802.11 (WiFi), 802.16 (WiMAX), LTE, and is progressively being deployed
throughout the world [110]. It allows multiple users to simultaneously access the same
channel using the spatial degrees of freedom offered by MIMO, thereby enhances the
system capacity. In spatial multiple access, the resulting multiuser interference is
handled by the multiple antennas which in addition to providing per link diversity
also give the degrees of freedom necessary for spatial separation of the users. Basic
configuration of downlink multiuser MIMO systems is depicted in Fig. 2.5. The
advantages of multiuser MIMO come at the cost of more expensive signal processing,
the most substantial is to acquire channel state information at transmitter (CSIT)
to properly serve the spatially multiplexed users [6].
The precoding algorithms for multiuser MIMO systems can be sub-divided
into linear and nonlinear precoding, with nonlinear being the capacity achieving
algorithms but are complex. The linear precoding approaches usually achieve
reasonable performance with much lower complexity. Linear precoding techniques
include maximum ratio transmission (MRT) [111] and zero-forcing beamforming
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(ZFBF) [112]. Beamforming technique can focus energy toward a receiver by
controlling the amplitude and phase of each antenna. In the following, ZFBF
technique used for multiuser MIMO in Chapter 4 and massive multiuser MIMO in
Chapter 5 of this thesis is presented.
Zero-forcing Beamforming
Zero-forcing precoding is a method of spatial signal processing by which the
multiple antenna transmitter can nullify the multiuser interference signals. Instead
of omnidirectional antennas where energy is sent in all directions, beamforming
technique can focus energy toward users by controlling the amplitude and phase
of each antenna. For a multiuser MIMO channel with N transmit antennas and M








where gˆbi,um is the estimate of the channel vector from the ith BS to mth user based
on channel state information at the transmitter (CSIT) and sbi,uim ,E|sbi,uim|2 = 1 is
the source symbol for the mth user from the ith BS. Accordingly, the SNR at the












where P is the transmit power of the BS, β is the frequency dependant constant value,
d is the distance between the m∗th user and the i∗th BS, gbi∗ ,ui∗m∗ is the respective
channel vector, and xbi∗ ,ui
∗
m∗
is given in (2.14).
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2.7 Massive multiuser MIMO
To achieve more dramatic gains as well as to simplify the required signal
processing, massive multiuser MIMO systems have been proposed in [113, 114], where
each BS is equipped with very large number of antennas, e.g., 100 or more. By
equipping a BS with a large number of antennas, the effects of uncorrelated noise and
small-scale fading are eliminated, the number of users per cell are independent of the
size of the cell, and the required transmitted energy per bit vanishes. Furthermore,
these benefits can be achieved by using simple linear signal processing approaches,
such as matched filter (MF) precoding/detection in massive multiuser MIMO systems.
For channel estimation, TDD mode is usually preferable with massive MIMO systems
due to the high overhead and complexity associated with channel estimation under
FDD mode. In TDD based massive MIMO transmission systems, pilot sequences are
transmitted from users in the UL to estimate channels. There are many schemes
for assigning pilot sequences to users in different cells, which should ideally be
orthogonal. However, the number of orthogonal pilot sequences with a given period
and bandwidth is limited, and the identical pilot sequences assigned to users in
neighboring cells will interfere with each other causing pilot contamination. The
pilot contamination poses a limit on the achievable rate in a massive MIMO system
and several approaches were proposed to tackle that problem [115, 116]. In Chapter




SWIPT in K-tier HCNs
3.1 Introduction
SWIPT has recently drawn significant interests for its dual use of radio signals
to provide wireless data and energy access at the same time. In this chapter, a
tractable model is developed for joint DL and UL transmission of K-tier HCNs with
SWIPT to jointly support energy sustainability and high throughput performance in
cellular networks. SWIPT is used in the DL transmission of HCNs where the MUs
with no built-in power supply harvest energy and decode information. The MUs
then utilize the harvested energy for information transmission in the UL. Since cell
association greatly affects the energy harvesting in the DL and the performance of
wireless powered HCNs in the UL, the DL and the UL performance of a random MU in
HCNs with NBS cell association is compared to that with MRP cell association. The
DL average received power for the MU with the NBS and the MRP cell associations
is derived first and then the system performance is evaluated in terms of the outage
probability and the average ergodic rate in the DL and the UL of a random MU in
HCNs with the NBS and the MRP cell associations.
The remainder of the chapter is organized as follows. The system model of
SWIPT in HCNs is presented in Section 3.2. In Section 3.3, the DL average
received powers for the NBS and the MRP cell associations are derived. The network
performance is then evaluated in terms of the DL and the UL outage probabilities, and
the DL and the UL average ergodic rates for the NBS and the MRP cell association
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in Section 3.4. Finally, the numerical results are discussed in Section 3.5 before the
work is summarized in Section 3.6.
3.2 System Model
In this chapter, a conventional HCNs model is considered with K tiers of BSs
spatially distributed in R2 as a HPPP Φj with spatial density λj, BS transmit power
Pt,bj , and path loss exponent `j, where j = 1, · · · , K is the index of the jth tier.
The MUs are also modeled as an independent HPPP Φu with density λu. The
MUs are assumed to have large storage battery which eliminates the randomness
of instantaneous received power and provides fixed transmit power [51]. The jth tier
BS and jth tier MU as are denoted as bj, and uj, respectively. The index of the tier
with which a typical MU is associated is denoted as ‘k ∈ {1, · · · , K}’, and bk̂ is the
typical serving BS in the kth tier.
The channel path loss over the distance ‖x‖ is modelled as L0‖x‖−`j , where
L0 is the path loss at a reference distance of 1 m. The Rayleigh fading model with
unit mean is considered to capture the random channel fluctuations, and the channel
coefficients are assumed to be independent and identically distributed (i.i.d.) across
all links. There is no intra-cell interference, where orthogonal multiple access is
employed within a cell. The TDD mode is assumed. Furthermore, time division
multiple access (TDMA) is considered, where several MUs share the same channel
in different time slots, thus the BS transmit power is independent of the density of
active MUs.
3.2.1 Transmission Block Structure
The transmission block structure is shown in Fig. 3.1, and the transmission block
time is normalized as T = 1. A fraction of the block time αT is used for SWIPT,
where α (0 ≤ α ≤ 1) is called the time allocation factor. The remaining portion of
time (1− α)T is used for the UL information transmission, which is powered by the
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Wireless Power Transfer 









Figure 3.1: Transmission Frame Structure
energy harvested from the first αT time.
In the DL, the receiver with power splitting architecture splits the received signal
for energy harvesting and information decoding. The DL received power at the typical
user in the kth tier is assumed as Pru0,k , a fraction of which ρPru0,k is used for energy
harvesting, where ρ (0 ≤ ρ ≤ 1) is called the power splitting factor. The remaining
fraction of the received power (1− ρ)Pru0,k is used for information decoding.
3.2.2 Cell Association
To ensure low path loss in the UL, the NBS cell association is considered. For











where ‖x‖ denotes the Euclidean distance between a BS to the typical MU.
The performance of HCNs with the NBS cell association is compared to that
with the MRP cell association. In the MRP cell asociation, the MU connects to the
BS which offers the maximum (long term averaged) received power to the MU, i.e.,
small scale fading is ignored, as in [117]. For a typical MU u0 located at the origin,
the location of the serving BS in the kth tier that offers the maximum received power
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In (3.2), xbĵ represents the location of the BS in the jth tier that offers the maximum







where Φj denotes the position sets of BSs in the jth tier.
In the UL information transmission, the typical MU transmits information to
the same serving BS of the HCN as in the current cellular networks [55].
3.2.3 Wireless Power Transfer
A short range propagation model [118] is used for wireless power transfer to
avoid the singularity caused by proximity between BSs and MUs i.e., to ensure that
the power received at the MU is finite [51]. The received power of a typical MU that





























∥∥ , d})−`k represents the large scale fading between the jth tier BS
to the typical MU, where L0 is the path loss for a reference distance r0 = 1, which is




∥∥ is the distance between the serving
BS and the typical MU, d ≥ 1 is a constant used for short range propagation model
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as defined above, and `k is the path loss exponent for the kth tier. In (3.4), hb
k̂
u0
is the small-scale fading channel coefficient from the serving BS to the typical MU,
which is assumed to be Rayleigh fading with unit mean. All the channels coefficients
are assumed to be i.i.d. across all the links and follow an exponential distribution
with unit mean. Note that more general fading/shadowing distributions can be
accommodated as in [2] and many subsequent papers, but with a loss of tractability
and without much change to the results and system design insights [98]. Similarly,∥∥xbju0∥∥ is the distance between the jth tier BS and the typical MU and hbju0 is the
small-scale fading interfering channel coefficient from the jth tier BS to the typical
MU.
3.2.4 Downlink Information Transmission
In the DL information transmission, a fraction of the received power (1−ρ)Pru0,k
at the MU is used for information decoding in the αT time.
For the DL analysis, all point processes are shifted such that the typical MU is
located at the origin. According to Slivnyak’s theorem, the distribution of the shifted
HPPPs remain the same as the original HPPPs with the same intensities [23]. The


















∣∣hbju0∣∣2L0∥∥xbju0∥∥−`j + σ2 , (3.5)
where σ2 is the noise power.
3.2.5 Uplink Information Transmission
In the UL information transmission, the MUs keep associated with the serving
BSs that powered them in the first αT time, and use the harvested energy to transmit
the UL information in the (1− α)T time.
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The MUs are assumed to have large storage so that the randomness of
instantaneous received power is suppressed and the large storage provides fixed
average received power. The received energy converted into DC for the MU battery in
the period αT is defined as ηαTρE{Pru0 ,k}, where 0 < η < 1 is the energy conversion
efficiency. Thus, the signal power for UL information transmission in the period




For the UL analysis, Slivnyak’s theorem is used to shift the points of HPPPs
such that the serving BS bk̂ is located at the origin. The UL SINR at the serving BS









∣∣huj ,bk̂∣∣2L0∥∥xuj ,bk̂∥∥−`j + δ2 , (3.7)
where hu0,bk̂ is the small-scale fading channel coefficient from the MU to its serving
BS,
∥∥xu0,bk̂∥∥ is the distance between the typical MU and the serving BS, huj ,bk̂ is
the small-scale fading interfering channel coefficient from the jth tier MU uj to the
serving BS,
∥∥xuj ,bk̂∥∥ is the distance between the jth tier MU and the serving BS, Φ˜j
denotes HPPP corresponding to the interfering MUs in the jth tier, δ2 is the noise
power, and φ is given in (3.6).
Based on the model defined in Section 3.2, the analytical expression for the
average received power in the DL with the NBS and the MRP cell associations is
derived first before evaluating the system performance.
3.3 Exact Analysis of Downlink Power Transfer
To determine the UL transmit power of a typical MU in the kth tier, the average
received power at the typical MU with the NBS and the MRP cell associations is
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derived in Lemma 3.3.1. and Lemma 3.3.2, respectively.
Lemma 3.3.1. The average received power at the typical MU associated with the BS









−`kχ1 + χ2) + 2piL0
K∑
j=1
Pt,bjλj (χ3 − χ4 + χ5) , (3.8)
where









































where d ≥ 1 is a constant, defined in (3.4), Wλ,µ(.) is Whittaker function [119], and
γ(., .) is lower incomplete gamma function [119].
Proof. See Appendix A.1.
Lemma 3.3.2. The average received power at the typical MU associated with the BS







































































































δDLj,k =Pt,bj/Pt,bk . (3.23)
where d ≥ 1 is a constant, defined in (3.4).
Proof. See Appendix A.2.
3.4 Performance Evaluations
The performance of the DL and the UL transmission of the HCNs is characterized
by the outage probability, average ergodic rate, and energy efficiency.
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3.4.1 Downlink Outage Probability
The DL outage probability is the probability that the instantaneous DL data rate
of a randomly selected MU in HCNs is less than the target DL data rate. According
to the law of total probability, the DL outage probability of a random MU in K-tier







where ΛDLk is the probability that a typical MU is associated with the kth tier, and
PDLout,k is the DL outage probability of the typical MU associated with the kth tier.
In (3.24), the probability that a typical MU is associated to the BS in the kth












which means that a MU prefers to associate with a tier having higher BS density.
Furthermore, the BS density of each tier is the only factor in determining the cell
association in the NBS cell association model.
The probability that a typical MU is associated to the BS in the kth tier with the
















where µk,j is given in (3.22). The tier association probability with MRP cell
association indicates that a MU prefers to connect to a tier with higher BS density




than BS transmit power because 2
`
< 1(` > 2) both in practice
and in the considered network model.
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from its associated BS is defined using Shannon’s channel capacity expression as

























∥∥) ≤ β)] , (3.27)
where Rs is the rate threshold, and
β = eRs/α − 1. (3.28)
Shannon’s channel capacity formula assumes the additive noise is Gaussian and
that coded trasmission is employed with codewords drawn from a Gaussian codebook.
In (3.27), the formula is extended to include interference as well which should also
be Gaussian. Therefore, it is assumed that each transmitter randomly selects its
transmitted symbol from a Gaussian constellation with unit variance. Accordingly,
the baseband aggregate interference signal is Gaussian conditioned on the PPP, which
validates lumping the aggregate interference with the noise term. That is, treating
interference as noise, the instantaneous SINR in (3.5) is analogous to the SNR in
Shannon’s channel capacity theorem.
3.4.1.1 General Case
In this section the general result for the DL outage probability of a typical MU
associated with the BS in the kth tier is presented from which the special result for
interference-limited case will follow.
Theorem 3.4.1. The DL outage probability of a typical MU associated with the BS
in the kth tier using NBS cell association is derived as




































fk,j =βδDLj,k x`k , (3.32)
where κ, β, and δDLj,k are given in (3.14), (3.28), and (3.23), respectively.
Proof. See Appendix A.3.
Theorem 3.4.2. The DL outage probability of a typical MU associated with the BS


































k , and fk,j are given in (3.21), (3.28), (3.23), (3.31), and (3.32),
respectively.
Proof. See Appendix A.4.
3.4.1.2 Interference-Limited Case, Equal Path Loss Exponents {`j} = 4
In HCNs with high transmit power BSs, the interference dominates the noise.
The thermal noise can therefore be neglected in the rest of this section.
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Corollary 3.4.1. With {`j} = 4 and σ2 = 0, the DL outage probability of a typical
MU associated with the kth tier using NBS cell association is derived as












where κ, β, and δDLj,k are given in (3.14), (3.28), and (3.23), respectively.
Corollary 3.4.2. With {`j} = 4 and σ2 = 0, the DL outage probability of a typical
MU associated with the kth tier using MRP cell association is derived as


















where β and δDLj,k are given in (3.28) and (3.23), respectively.
The expressions in (3.35) and (3.36) are in closed-form. The DL outage
probability in the interference-limited scenario is found to be independent of the
power splitting factor ρ. This is due to the fact that the term (1−ρ) in the SINRDLk
expression in (3.5) cancels out with σ2 = 0.
3.4.2 Downlink Average Ergodic Rate
The DL average ergodic rate of a K tier HCNs measures the spectral efficiency of








where RDLk is the DL average ergodic rate of a typical MU associated with the kth
tier and ΛULk is given in (3.25) for the NBS cell association, and in (3.26) for the
MRP cell association, respectively.
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In this section, the general result for the DL average ergodic rate of a typical
MU associated with the kth tier is presented followed by the special result for the
interference-limited scenario.
Theorem 3.4.3. The DL average ergodic rate of a typical MU associated with the























where ΩDLk and δ
DL
j,k are given in (3.31) and (3.23), respectively.
Proof. See Appendix A.5.
Theorem 3.4.4. The DL average ergodic rate of a typical MU associated with the


























where ΩDLk and δ
DL
j,k are given in (3.31) and (3.23), respectively.
Proof. See Appendix A.6.
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3.4.2.2 Interference-Limited Case, Equal Path Loss Exponents {`j} = 4
In the following, the DL average ergodic rate of a typical MU associated with
the kth tier in HCNs is presented for the interference-limited scenario.
Corollary 3.4.3. With {`j} = 4 and σ2 = 0, the DL average ergodic rate of a typical









et/α − 1)δDLj,k arctan{√(et/α − 1)δDLj,k }+ 1)dt, (3.41)
where κ and δDLj,k are given in (3.14) and (3.23), respectively.
Corollary 3.4.4. With {`j} = 4 and σ2 = 0, the DL average ergodic rate of a typical















et/α − 1) arctan{√(et/α − 1)})+ 1)dt, (3.42)
where δDLj,k is given in (3.23).
In these corollaries, the double integral in Theorem 3.4.3 and 3.4.4 is simplified
to a single integral. The DL average ergodic rate in the interference-limited scenario
is found to be independent of the power splitting factor due to the fact that with
σ2 = 0, the term (1− ρ) disappears in the SINRDLk expression given in (3.5).
In the following, the UL performance of the HCNs is presented which reflects
the DL energy harvesting efficiency of SWIPT with the NBS and the MRP cell
associations. The UL performance is characterized in terms of the UL outage
probability and the UL average ergodic rate.
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3.4.3 Uplink Outage Probability
The UL outage probability is the probability that the instantaneous UL data
rate at the serving BS in HCNs is less than the target UL data rate. The UL outage







where ΛULk is given in (3.25) for the NBS cell association, and in (3.26) for the MRP
cell association, and PULout,k is the UL outage probability of a typical MU associated
with the kth tier.
In (3.43), the UL outage probability for a typical MU at a distance
∥∥xu0,bk̂∥∥ from
its associated BS is defined as



















∥∥) ≤ Ψ)] . (3.44)
where
Ψ = eRs/(1−α) − 1. (3.45)
3.4.3.1 General Case
In the following, the general result for the UL outage probability of a typical MU
associated with the kth tier is derived.
Theorem 3.4.5. The UL outage probability of a typical MU associated with the kth
48
Chapter 3. SWIPT in HCNs
tier using NBS cell association is derived as

















































and Ψ is given in (3.45).
Proof. The proof follows similar steps to Theorem 3.4.1.
Theorem 3.4.6. The UL outage probability of a typical MU associated with the kth





















where Ψ, ΩULk , ζ
UL
k,j , and µk,j are given in (3.45), (3.47), (3.48), and (3.22)
respectively.
Proof. The proof follows similar steps to Theorem 3.4.2.
3.4.3.2 Interference-Limited Case, Equal Path Loss Exponents {`j} = 4
In the following, the UL outage probability of a typical MU associated with the
kth tier is presented for the interference-limited case.
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Corollary 3.4.5. With {`j} = 4 and δ2 = 0, the UL outage probability of a typical
MU associated with the kth tier using NBS cell association is derived as









δULj,k Ψ + 1
) , (3.51)
where κ, δULj,k , and Ψ are given in (3.14), (3.49), and (3.45), respectively.
Corollary 3.4.6. With {`j} = 4 and δ2 = 0, the UL outage probability of a typical
MU associated with the kth tier using MRP cell association is derived as

















where δDLj,k , δ
UL
j,k , and Ψ are given in (3.23), (3.49), and (3.45), respectively.
The UL outage probabilities for the NBS and the MRP cell associations are
found to be independent of the energy conversion efficiency and the power splitting
factor. This can be explained by the fact that the term φ = ηρα
(1−α) in (3.7) cancels out
with δ2 = 0.
3.4.4 Uplink Average Ergodic Rate







where RULk is the UL average ergodic rate of a typical MU associated with the kth
tier and ΛULk is given in (3.25) for the NBS cell association, and in (3.26) for the
MRP cell association, respectively.
In (3.53), the UL average ergodic rate of a random MU located at a distance
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(1− α) ln (1 + SINRULk (∥∥xu0,bk̂∥∥))]] . (3.54)
3.4.4.1 General Case
The general result for the UL average ergodic rate of a random MU associated
with the BS in kth tier is presented in the following theorems.
Theorem 3.4.7. The UL average ergodic rate of a random MU associated with the
BS in kth tier using NBS cell association is derived as






















where κ, ΩULk , and ζ
UL
k,j are given in (3.14), (3.47), and (3.48), respectively.
Proof. The proof follows similar steps to Theorem 3.4.3.
Theorem 3.4.8. The UL average ergodic rate of a random MU associated with the

























Proof. The proof follows similar steps to Theorem 3.4.4.
3.4.4.2 Interference-Limited Case, Equal Path Loss Exponents {`j} = 4
The UL average ergodic rate of a typical MU associated with the kth tier for the
interference-limited network is presented in the following corollaries.
Corollary 3.4.7. With {`j} = 4 and δ2 = 0, the UL average ergodic rate of a typical
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where κ and δULk,j are given in (3.14) and (3.49), respectively.
Corollary 3.4.8. With {`j} = 4 and δ2 = 0, the UL average ergodic rate of a typical






















where δDLj,k and δ
UL
j,k are given in (3.23) and (3.49), respectively.
In the interference-limited scenario, the UL average ergodic rate does not depend
on the energy conversion efficiency and the power splitting factor with the NBS and
the MRP cell associations. This can be seen in (3.7) that with δ2 = 0, the term
φ = ηρα
(1−α) cancels out and SINR
UL
k becomes independent of η and ρ.
In the following, the global (GL) performance of the HCNs is presented which
reflects the impact of power splitting factor on the overall (DL+UL) performance.
The GL performance is characterized in terms of the GL average ergodic rate.
3.4.5 Global Average Ergodic Rate
The GL average ergodic rate of a random MU in K tier HCNs is defined as the
sum of the DL average ergodic rate and the UL average ergodic rate, as follows
RGL = RDL +RUL, (3.59)
where RDL and RUL are given in (3.37) and (3.53), respectively. The GL average
ergodic rate is defined to find the optimal power splitting factor ρ∗ that maximizes
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the GL average ergodic rate. The evaluation for the exact expression of ρ∗ turns out
to be intractable, therefore, we numerically evaluate the optimal ρ∗ that maximizes
RGL in the numerical results.
3.4.6 Energy Efficiency
The energy efficiency of transmitting one MU data stream in K-tier HCNs is
defined as the total average number of bits successfully conveyed to the typical MU








where P totalk is the total power consumption in each channel use of the kth tier given
as
P totalk = P
0
k |T + P 0k |R +
Pk
k
− φE{Pru0 ,k} , (3.61)
where P 0k |T is the static hardware power consumption of the BS in the kth tier, P 0k |R





is the average received power as derived in Lemma 3.3.1
and 3.3.2, for the NBS and the MRP cell association, respectively. In (3.61), φ is
given in (3.6).
3.5 Numerical Results
In this section, the system performance with the NBS cell association is compared
to that with the MRP cell association in terms of the DL outage probability, the DL
average ergodic rate, the UL outage probability, and the UL average ergodic rate.
The DL outage probability, the DL average ergodic rate, the UL outage probability,
and the UL average ergodic rate for the NBS cell association are plotted using (3.29),
(3.46), (3.39), and (3.55), respectively. The DL outage probability, the DL average
53
Chapter 3. SWIPT in HCNs
ergodic rate, the UL outage probability, and the UL average ergodic rate for the MRP
cell association are plotted using (3.33), (3.40), (3.50), and (3.56), respectively. The
analytical results are validated by Monte Carlo simulations, where the BSs and the
MUs are deployed according to the proposed model for a two-tier HCN. In all the
figures, the path loss is assumed to be L0 = −38.5 dB at 1 meter, and the path loss
exponents are `1 = 3.8 and `2 = 3.5. The thermal noise power at the MU and the
BS are fixed as σ2 = δ2 = −104 dB for 10 MHz bandwidth. Unless otherwise stated,
the time allocation factor α = 0.5 and the power splitting factor ρ = 0.5. The circuit
power consumed by information decoding is ignored. For energy receiver, the RF to
DC conversion efficiency is assumed to be 50 % i.e., η = 0.5 and all the MUs have
the same η. Moreover, the processing power in the UL is ignored [120] except for the
energy efficiency evaluation in Section 3.5.5.
3.5.1 Effect of Picocell BSs Density and BS Transmit Power
In this subsection, the effect of the density of picocell BSs and the transmit
power at the BSs on the DL outage probability, the DL average ergodic rate, the UL
outage probability, and the UL average ergodic rate of a random MU in HCNs with
the NBS and the MRP cell associations is examined. In Figs. 3.2, 3.3, 3.4, and 3.5,
we set λ1 = 10
−3 and Rs = 0.5 nats/s/Hz.
Downlink Performance: Fig. 3.2 (a) and Fig. 3.2 (b) compare the impact of
the density of picocell BSs λ2 and the BS transmit power Pt,b of each tier on the
DL outage probability with the NBS cell association PDLout,NBS(Rs), to the DL outage
probability with the MRP cell association PDLout,MRP (Rs), respectively. Fig. 3.3 (a) and
Fig. 3.3 (b) compare the impact of the density of picocell BSs λ2 and the BS transmit
power of each tier on the DL average ergodic rate with the NBS cell association RDLNBS,
to the DL avearge ergodic rate with the MRP cell association RDLMRP respectively.




NBS improve due to the increase in
signal strength at the MU from the nearest serving BS. Interestingly, the increase in




MRP at both tiers. It is also
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Exact Analysis
(b) DL outage probability with the MRP cell
association.
Figure 3.2: Impact of picocell BS density and BS transmit power on the DL outage
probability in a two-tier HCN.




out,MRP , and R
DL
MRP of a random MU in HCNs are
approximately the same with the increase in λ2.




NBS of the kth tier
improve, while that of other tiers degrade. This is due to the increased signal power
at the MUs in the kth tier, and the increased interference at the MUs of the other
tiers. Surprisingly, the increase in Pt,b of the kth tier slightly affects P
DL
out,MRP (Rs)





PDLout,MRP (Rs), and R
DL
MRP of a random MU in HCNs cannot be greatly improved by
increasing Pt,b.
Uplink Performance: Fig. 3.4 (a) and Fig. 3.4 (b) show the effect of picocell
BS density λ2 and the BS transmit power Pt,b on the UL outage probability with
the NBS PULout,NBS(Rs), to the UL outage probability with the MRP cell association
PULout,MRP (Rs), respectively. Fig. 3.5 (a) and Fig. 3.5 (b) compare the impact of the
density of picocell BSs λ2 and the BS transmit power of each tier on the UL average
ergodic rate with the NBS cell association RULNBS, to the UL avearge ergodic rate with
the MRP cell association RULMRP , respectively.




NBS due to the increased harvested
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(b) DL average ergodic rate with the MRP cell
association.
Figure 3.3: Impact of picocell BS density and BS transmit power on the DL average
ergodic rate in a two-tier HCN.
energy from the serving nearest BS and the decreased path loss. However, increasing




NBS of the macrocell MUs due
to the dominant effect of the increased interference from the macrocell MUs with
increased transmit power. In contrast, for the MRP cell association, the increase in
λ2 degrades P
UL
out,MRP (Rs) and R
UL
MRP of both the tiers due to the dominant effect





out,MRP (Rs), and R
DL
MRP are slightly affected by increasing λ2.




NBS in the kth
tier and degrades that in other tiers. The low path loss results in the increased signal
power at the BS of its own tier, and the increased interference at the BS of the other
tier. The opposite holds true for the MRP cell association, i.e., increasing the BS
transmit power in the kth tier degrades PULout,MRP (Rs) and R
UL
MRP of the kth tier while
improves that of other tiers. This is because increasing the BS transmit power in
the kth tier results in the increased distance between the MU and the associated
BS of the kth tier as opposed to the decrease of the distance between the MU and
the associated BS of the other tiers as in (A.6). Increasing BS transmit power only




out,MRP (Rs), and R
UL
MRP of a random MU in
56

















































= 46 dBm, Pt,b2
= 30 dBm
Simu. Pt,b1= 46 dBm, Pt,b2
= 37 dBm
Simu. Pt,b1
= 53 dBm, Pt,b2 = 30 dBm
Exact Analysis














































= 46 dBm, Pt,b2
= 30 dBm
Simu. Pt,b1= 46 dBm, Pt,b2
= 37 dBm
Simu. Pt,b1
= 53 dBm, Pt,b2 = 30 dBm
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(b) UL outage probability with the MRP cell
association.
Figure 3.4: Impact of picocell BS density and BS transmit power on the UL outage
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(b) UL average ergodic rate with the MRP cell
association.
Figure 3.5: Impact of picocell BS density and BS transmit power on the UL average
ergodic rate in a two-tier HCN.
HCNs.
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3.5.2 Effect of Time Allocation Factor, and Power Splitting
Factor on the DL and the UL performance
In this subsection, the effect of the time allocation factor and the power allocation
factor on the DL and UL outage probability and average ergodic rate of a random
MU in HCNs with the NBS and the MRP cell associations is examined. In Fig. 6,
we set λ1 = 10
−3, λ2 = 2× 10−3, Pt,b1 = 46 dBm, and Pt,b2 = 37 dBm.
Fig. 3.6 (a) examines the impact of the time allocation factor α and the power
splitting factor ρ on the DL and the UL outage probability of a random MU in
HCNs with the NBS and the MRP cell associations. Fig. 3.6 (b) examines the
impact of α and ρ on the DL and the UL average ergodic rate of a random MU
in HCNs with the NBS and the MRP cell associations. With the increase of α, the
DL outage probabilities, PDLout,NBS(Rs) and P
DL
out,MRP (Rs), and the DL average ergodic
rates, RDLNBS and R
DL
MRP , improve due to allocating large fraction of time to the DL
transmission. For the UL performance, first we observe that with the increase in
α, the UL outage probabilities, PULout,NBS(Rs) and P
UL
out,MRP (Rs), and the UL average
ergodic rates, RULNBS and R
UL
MRP , improve and then degrade. This is because for
small α, the noise plays a dominant role in the SINRULk as shown in (3.7), thus the





out,MRP (Rs), and R
UL
MRP is due to allocating a large fraction
of time to the DL transmission than to the UL transmission. Interestingly, with
the increase of ρ, the DL performance of a random MU in HCNs remains almost
unchanged. This is because, with high density of high transmit power BSs, the
interference plays a dominant role in the SINRDLk in (5) and as such the thermal
noise is ignored. However, the UL performance of a random MU in HCNs improves
by increasing ρ. Transmitting the UL information using a larger fraction of the DL
average received power results in the improved UL performance.
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(a) DL/UL outage probability.


















































(b) DL/UL average ergodic rate.
Figure 3.6: Impact of time allocation factor and power splitting factor on the DL/UL
performance in a two-tier HCN.
3.5.3 Effect of Rate Threshold on the DL and the UL
performance
Fig. 3.7 compares the DL and the UL outage probability of a random MU in
HCNs with the NBS to that with the MRP cell association. In Fig. 3.7, λ1 = 10
−3,
λ2 = 2× 10−3, Pt,b1 = 46 dBm, and Pt,b2 = 37 dBm. In Fig. 3.7, the horizontal axis
represents the rate threshold Rs in nats/sec/Hz.
The DL outage probability of a random MU in HCNs with the MRP cell
association is narrowly better than that with the NBS cell association. This is due
to the lower aggregate interference in the SINRDLk with the MRP cell association
than that with the NBS cell association. The UL outage probability a random MU
in HCNs with the NBS cell association is comparable to that with the MRP cell
association.
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Figure 3.7: Impact of rate threshold























































Figure 3.8: Impact of power splitting
factor on the GL average ergodic rate in
a two-tier HCN.
3.5.4 Effect of Power Splitting Factor on the Global
Average Ergodic Rate
Fig. 3.8 examines the impact of power splitting factor ρ on the GL average
ergodic rate for the NBS and MRP cell associations using (3.59). In Fig. 3.8, we set
λ1 = 10
−3, λ2 = 2× 10−3, Pt,b1 = 46 dBm, and Pt,b2 = 37 dBm.
It is observed that the GL average ergodic rate first increases, then decreases
with increasing ρ. The increasing trend is due to the increase in the UL average
ergodic rate. The sudden decrease is due to the decrease in the DL average ergodic
rate. We observe that the optimal power splitting factor ρ∗, that maximizes the
GL average ergodic rate, occurs near one, i.e., ρ∗NBS = 0.999 and ρ
∗
MRP = 0.9995.
Moreover, the improvement in the GL average ergodic rate for ρ = 0.4 to the optimal
ρ∗ is observed to be very small, which reveals that the optimal operation region for
ρ is [0.4, 0.999].
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3.5.5 Effect of Picocell BSs Density and BS Transmit
Power on the Energy Efficiency
Fig. 3.9 examines the impact of picocell BS density λ2 and BS transmit power on
the energy efficiency for the NBS and MRP cell associations using (3.60). In Fig. 3.9,
the macrocell BS density λ1 = 10
−3, the static hardware power consumption at the
BSs of both the tiers as P 0k |T = 30 dBm, the total circuit power consumption at the
MU P 0k |R = 20 dBm, and the power amplifier efficiency k = 6.28 as considered in
the SWIPT based network in [121].
The energy efficiency is shown to be improved with the increase in number of
small cell BSs density with both the cell associations as the average received power is
increased with the increase in λ2 resulting in the decrease of the power consumption in
(3.61). Furthermore, it is observed that energy efficiency decreases with the increase
of BS transmit power of each tier. This is due to the fact that average ergodic rate is
observed to be almost constant with the increase in BS transmit power of each tier
as shown in Fig. 3.3 (a) and Fig. 3.3 (b), whereas the power consumption increases
as in (3.61). The energy efficiency in HCNs with the NBS cell association is slightly
better than with the MRP cell association due to slightly better DL average ergodic
rate with the NBS cell association as shown in Fig. 3.3 (a) and Fig. 3.3 (b).
Note that the proposed work is a baseline model with single antennas and by
equipping the BSs with multiple number of antennas will largely improve the received
power in (3.61) which will increase the energy efficiency. Massive MIMO antennas can
be used at the BSs for forming sharp energy beams towards MUs to achieve better
efficiency [3]. Moreover, the advancements in the areas of lower power electronics
and displays (e.g., reflective displays) will further decrease the power consumption of
mobile devices and improves the energy efficiency.
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Figure 3.9: Impact of picocell BSs density and BS transmit power on the energy
efficiency in a two-tier HCNs.
3.6 Chapter Summary
In this chapter, a tractable analytical model of K-tier HCNs with SWIPT is
presented, where the MUs harvest energy and decode information simultaneously
in the DL, and the harvested energy at the MU is then utilized for information
transmission in the UL. The analytical expressions for the DL average received
power at a random MU with the NBS and the MRP cell associations are derived
to demonstrate the effect of harvested energy on the UL information transmission.
The DL and the UL performance is evaluated in terms of the outage probability and
the average ergodic rate of a random MU in HCNs with the NBS and the MRP cell
associations. The DL and UL performance of the NBS cell association is comparable
to that of the conventional MRP cell association despite the fact that the UL path
loss in the NBS cell association is low. Owing to its simple implementation with low
system overheads, the NBS cell association sounds an optimal choice. It is shown that
although the harvested energy at the MU can be increased by deploying more small
cell BSs and increasing the BS transmit power, the UL performance of a random
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MU in HCNs with the NBS and the MRP cell associations can not be improved.
Nevertheless, the UL performance of a random MU can be improved by increasing the
power splitting factor. Furthermore, the energy efficiency is shown to be improved
with the increase in SBSs density and degraded with the increase in BS transmit
power of each tier. With the advancements in WPT and interference cancellation,
HCNs with SWIPT prove to be promising candidates for 5G systems.
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K-tier HCNs with FD Small Cells
4.1 Introduction
In this chapter, the DL and the UL transmission in K-tier HCNs with FD small
cell base stations (SBSs) is investigated for improved spectrum efficiency.
FD communication has emerged as an attractive solution for increasing the
network throughput by allowing DL and UL transmissions in the same spectrum.
In theory, FD data transmission is capable of doubling the spectral efficiency of
HD system. Though the gains of FD systems can be easily foreseen, practical
implementations of such FD systems pose many challenges and a lot of technical
problems still need to be solved before its actual deployment on a system level.
The crucial barrier in implementing full-duplex systems resides is the SI from the
transmit antennas to receive antennas at a wireless transceiver. More explicitly,
the radiated power in the DL interferes with its own desired received signals in the
UL. Fortunately, the recent advances on SI cancellation, such as antenna separation
schemes [36], beamforming-based techniques [38], and digital circuit domain schemes
[41], have demonstrated the feasibility of FD transmission for short to medium range
wireless communications.
In this chapter, the FD operation is considered only at the SBSs as operating all
the BSs in FD mode is likely to erode the performance gain of the FD communication
since simultaneous DL and UL operation on the same band brings increased
interference, and thus reduced coverage. Inspired by the work in [69], where making
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different tiers operate in different duplex modes in heterogeneous networks enhances
the network throughput, the HCNs is considered, where only small cells operate in
FD mode, and the macrocells operate in HD mode. Small cell systems are considered
to be especially suitable for deployment of FD technology due to low transmit powers,
short transmission distances and low mobility [68]. In the considered HCNs, multiuser
MIMO is assumed at the MBSs which aims to reduce the interference as well as
to increase spectral efficiency by utilizing the spatial dimension [122]. A tractable
framework of the proposed system is presented, which allows to derive analytical
expressions for the DL and the UL average ergodic rates.
The remainder of the chapter is organized as follows. In Section 4.2, the system
model of HCNs with multiuser MIMO at the MBSs and FD operation at the SBSs
is presented. The DL and UL average ergodic rates are derived in Section 4.3. The
performance comparison of the proposed model with that of the conventional HCNs
is presented in Section 4.4. Finally, numerical results are discussed in Section 4.5
before the paper is summarized in Section 4.6.
The notations commonly used throughout in this chapter are presented in Table
4.1.
4.2 System Model
This chapter considers K-tier HCNs, where the MBSs and the SBSs are
spatially located in R2, following HPPP, ΦbM and Φbk with intensity λbM and λbk
(k = 2, · · · , K), respectively. Multiuser MIMO is considered at the MBSs, where
each BS is equipped with N antennas, serving UM MUs, and operates in HD mode.
Each SBS is equipped with single antenna, and is transmitting and receiving at the
same time in FD mode [123, 124]. All the MUs have single antenna and operate in
HD mode. In this work, the DL performance of the macrocell is considered, while the
SBSs have transmissions in the DL and UL simultaneously due to the FD operation.
The performance of the UL transmission of MBSs can be easily analyzed following
the proposed method of this work. In HCNs with FD small cells, the DL and UL
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Table 4.1: Frequent Notations for HCNs with FD Small Cells
Notation Definition
PM Transmit power of MBS
Pk Transmit power of kth tier SBS
Pu Transmit power of the MU
αM Path loss exponent for Macrocell
αk Path loss exponent for kth tier small cell
β Frequency dependent constant value











Figure 4.1: Example cells of the proposed HCNs with HD multiuser MIMO MBS and
FD SBSs and the interference characterizations.
small cell transmissions occur simultaneously by reusing the spectrum of the DL
macrocell transmissions due to the full frequency reuse in HCNs [125]. The network
is assumed to be fully-loaded, such that each MBS has UM active MUs [74, 75], and
each SBS serves one active DL MU and one active UL MU in each time instant [63],
as shown in Fig. 4.1. Accordingly, the intensity of the active DL MUs in HCNs is
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λDLu = (UMλbM +
K∑
k=2
λbk), whereas the active UL MUs are modeled by an independent
HPPP Φuk with intensity λ
UL
uk
= λbk . The analysis is performed at a typical MU,
which is assumed to be at the origin.
The channel path loss over the distance |x| is modelled as β|x|−α, where β is the
frequency dependent constant value and α is the path loss exponent. The channels are
assumed to be independent and identically distributed (i.i.d.) quasi-static Rayleigh
fading. The TDD mode is considered, where channel reciprocity can be exploited
which allows a BS to estimate its DL channels from the UL training signals sent by
the MUs. Therefore, the resulting number of training signals scales linearly with
the number of MUs, and is independent of the number of antennas in contrast
to frequency division duplexing (FDD). We consider time division multiple access
(TDMA), where several MUs share the same channel in different time slots, thus
the BS transmit power is independent of the density of active MUs, and there is no
intra-cell interference in each cell. In a snap of time, each MBS can serve UM MUs
and each FD SBS serves one DL and one UL MU per channel.
4.2.1 SI Cancellation for FD Small Cells
The SBS in FD mode receives self-interference from its transmitted signal, and
performs SI cancellation to combat it. Since, the amount of SI depends on the
transmit power of the SBS, the residual SI power after SI cancellation is defined as
[38, 41]
PRSI (Pk) = Pk|hRSI ,k|2, (4.1)
where hRSI ,k is the residual self interfering channel of a kth tier BS, and hRSI ,k
is characterized according to the cancellation algorithms. For instance, using
digital-domain cancellation algorithms, hRSI ,k can be modeled as hRSI ,k = hS,k− hˆS,k,
where hS,k and hˆS,k are the self-interfering channel and its estimate channel,
respectively [38, 41]. In [126], hRSI ,k is regarded as a constant value with |hRSI ,k|2 = σ2e
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for the estimation error variance σ2e . However, modeling hRSI ,k is still challenging
for other cancellation techniques, such as analog-domain schemes [5, 67, 127–129],
propagation-domain schemes [130], and combined schemes of different domains [131].
The parametrization of the SI cancellation capability in (4.1) can make the analysis
more generic. Therefore, in our analysis, we consider, a constant value for hRSI ,k
1,
given as
|hRSI ,k|2 = 10LdB,k/10, (4.2)
where LdB,k is the ratio between the residual self-interference after interference
cancellation and the transmit power at the kth tier BS as defined in [69].
4.2.2 Cell Association
To obtain the strongest received signal, the maximum received power cell
association rule is considered in the DL transmission, where the DL MU connects
to the BS, which provides the maximum long-term average received power [117]. The







where the small-scale fading channel power gain between the typical DL macrocell
MU and its serving MBS in zero-forcing beamforming (ZFBF) transmission, go,uM0 ∼
Γ (N − UM + 1, 1), is approximated as the array gain Ga = N − UM + 1 for (1 <
UM < N) [43].
The average received power at a DL MU that is connected to the kth tier SBS
1The analysis can be easily extended to the case of random hRSI ,k. For instance, once the
probability density function (PDF) of hRSI ,k is available for a certain SI cancellation algorithm, we
can average the analytical results derived in the paper over the distribution of hRSI ,k.
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bk (bk ∈ Φbk), is expressed as
Pr,bk = Pkβ
(∣∣Xbk,uk∣∣)−αk . (4.4)
For the UL transmission, the MUs can only associate with the FD SBSs. The MU is
assumed to associate to the SBS that offers the strongest average received power.
Based on the cell association model, the set of interfering MUs and FD SBSs
may correlate. However, to maintain model tractability, the set of interfering MUs is
assumed to be independent of the set of interfering FD SBSs as in [61, 132].
4.2.3 SINR Models
4.2.3.1 DL SINR of a Macrocell MU











where go,uM0 ∼ Γ (N − UM + 1, 1) is the small-scale fading channel power gain between
the typical DL macrocell MU and its serving MBS, and
∣∣∣Xo,uM0 ∣∣∣ is the distance between
the typical DL macrocell MU and its serving MBS. In (4.5), IM,uM0 , IS,uM0 , and Iusul,uM0















∣∣∣Xy,uM0 ∣∣∣−αj , (4.7)
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∣∣∣Xz,uM0 ∣∣∣−αj , (4.8)
respectively. In (4.6), (4.7), and (4.8), hx,uM0 ∼ Γ (UM, 1), hy,uM0 ∼ exp (1), and
hz,uM0 ∼ exp (1) denote the small-scale fading channel power gains from the MBSs to
the typical DL macrocell MU, from the SBSs to the typical DL macrocell MU, and
from the UL small cell MUs to the typical DL macrocell MU, respectively, and their
corresponding distances are denoted as
∣∣∣Xx,uM0 ∣∣∣, ∣∣∣Xy,uM0 ∣∣∣, and ∣∣∣Xz,uM0 ∣∣∣, respectively.
4.2.3.2 DL SINR of a Small Cell MU





IM,uk0 + IS,uk0 + Iusul,uk0 +N0
, (4.9)
where go,uk0 is the small-scale fading channel power gain between the typical DL small
cell MU and its serving SBS, and
∣∣∣Xo,uk0 ∣∣∣ is the distance between the typical DL small
cell MU and its serving SBS. In (4.9), IM,uk0 , IS,uk0 , and Iusul,uk0 are the interference from














∣∣∣Xy,uk0 ∣∣∣−αj , (4.11)
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∣∣∣Xz,uk0 ∣∣∣−αj , (4.12)
respectively. In (4.10), hx,uk0 ∼ Γ (UM, 1) denotes the small-scale fading channel power
gain between the MBSs and the typical DL small cell MU. The distances between
the typical DL small cell MU and the MBSs, the other small cell MU, and the UL
small cell MU are denoted as
∣∣∣Xx,uk0 ∣∣∣, ∣∣∣Xy,uk0 ∣∣∣, and ∣∣∣Xz,uk0 ∣∣∣, respectively.
4.2.3.3 UL SINR of a Small Cell MU




PRSI (Pk) + IM,bk0 + IS,bk0 + Iusul,bk0 +N0
, (4.13)
where ρk is the receiver sensitivity of the serving SBS, go,bk0 ∼ exp (1) is the small-scale
fading channel power gain between the typical UL small cell MU and its serving SBS,∣∣∣Xo,bk0 ∣∣∣ is the corresponding distance, and PRSI (Pk) is the residual SI power after
performing cancellation given in (4.1). In (4.13), IM,bk0 , IS,bk0 , and Iusul,bk0 are the























∣∣∣Xz,bk0 ∣∣∣−αj , (4.16)
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respectively. In (4.14), hx,bk0 ∼ Γ (UM, 1) denotes the small-scale fading channel power
gain between the typical UL small cell MU and the MBSs. The distances between
the typical SBS and the MBSs, the other SBSs, and the other UL small cell MUs are
denoted as
∣∣∣Xx,bk0 ∣∣∣, ∣∣∣Xy,bk0 ∣∣∣, and ∣∣∣Xz,bk0 ∣∣∣, respectively.
4.2.4 Interference Characterization
Characterizing the interference in proposed HCNs is the key challenge in
evaluating the system performance. The reason is the difficulty to obtain exact
characteristics of the interference from the UL small cell MUs to the DL macrocell
MU, Iusul,uM0 in (8), the interference from the UL small cell MUs to the DL small
cell MU, Iusul,uk0 in (12), the interference from the MBSs in the DL to the SBSs in
the UL, IM,bk0 in (14), and the interference from the SBSs in the DL to the SBSs in
the UL, IS,bk0 in (15). We characterize the interferences as shown in Fig. 4.1 using
similar approximation as in [69]. For instance, to characterize Iusul,uM0 , we consider
a DL macrocell MU located at a, its serving MBS located at b, a FD SBS located
at c, and its associated UL MU at c + N(c), where N(c) is the relative location of
small cell MU to its serving SBS at c in the UL. Generally, the distance between DL
macrocell MU a and FD SBS c is greater than the distance between c + N(c) and c,
i.e., ‖a − c‖  ‖N(c)‖. Therefore, we assume that the distance between macrocell
MU at a and UL small cell MU at c + N(c) can be approximated as the distance
between a macrocell MU at a and the SBS at c.
Similarly, to characterize Iusul,uk0 , we assume the distance between a typical DL
small cell MU and the UL small cell MU can be approximated as the distance between
a typical DL small cell MU and the interfering SBS. This assumption holds true due
to the reason that the distance between a typical DL small cell MU and the interfering
FD SBS is greater than the distance between the FD SBS and its associated UL small
cell MU. Likewise, we characterize the interferences IM,bk0 and IS,bk0 .
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4.3 Performance Evaluation
In order to measure the spectral efficiency of the network, the performance of
the K-tier HCNs is evaluated in terms of DL and UL average ergodic rates. Since a
typical MU can associate with at most one tier, the performance of each tier as well
as per tier association probability determine the overall performance of HCNs in the
DL and the UL as per the law of total probability. To facilitate the analysis, we first
present the per tier association probability.
DL Cell Association




















N − UM + 1
UM
. (4.18)
Proof. Please refer to Appendix B.1.
The PDF of the distance |Xo,M| between the typical MU and its associated MBS
is presented in the following lemma.


















where Ψ and ΛM are given in (4.18) and (4.17), respectively.
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Proof. Please refer to Appendix B.2.
The probability that a typical MU is associated with the kth tier SBS and
the PDF of the distance |Xo,k| between the typical DL MU and its serving SBS
is presented in the following lemmas.





















where Ψ is given in (4.18).
Proof. The proof follows analogous steps to Lemma 4.3.1.
Lemma 4.3.4. The PDF of the distance between a typical MU and its serving kth
tier SBS is given by



















where Ψ and ΛDLk are given in (4.18) and (4.20), respectively.
Proof. The proof follows analogous steps to Lemma 4.3.2.
UL Cell Association
In the UL transmission, a typical MUs can only associate with the FD SBS that
offers the maximum average received power. The probability that a typical MU is
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4.3.1 DL Average Ergodic Rate
In this section, the DL average ergodic rate of a typical MU in K-tier HCNs is
derived. The DL average ergodic rate of a random MU in the K-tier HCNs is given
by






where ΛM and Λ
DL
k are given in (4.17) and (4.20), respectively, RM is the DL average
ergodic rate between a typical MU and its serving MBS, and RDLk is the DL average
ergodic rate between a typical MU and its serving SBS.
In (4.23), the DL average ergodic rate between a typical MU and its serving












where SINRDLM is given in (4.5) and γ
DL is given as
γDL = eγ
DL
R − 1. (4.25)
In (4.25), γDLR is the DL rate threshold. Similarly, the DL average ergodic rate of
typical MU at a distance









(∣∣∣Xo,uk0 ∣∣∣) )]], (4.26)
where SINRDLk and γ
DL
R are given in (4.9) and (4.25), respectively.
Theorem 4.3.1. The DL average ergodic rate of a typical MU associated with the
75
Chapter 4. Multiuser MIMO in HCNs with FD Small Cells
























































is over all n-tuples of non-negative integers (m1, ...,mn) that satisfy the constraint
n∑
l=1
l .ml = n, Ψ is given in (4.18), ΛM is given by (4.17), and ζ(.), ψ
(1)(x, τ), and
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and
ψ(l)(x, τ) =2piλbM
(UM + l − 1)!






























































In (4.29) and (4.29), DMj (x) is the distance between the closest interfering BS of the










where Ψ is given in (4.18).
Proof. Please refer to Appendix B.3.
Theorem 4.3.2. The DL average ergodic rate of a typical MU associated with the



































where Ψ, ΛDLk , and τ are given in (4.18), (4.20), and (4.25), respectively. In (4.30),
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where DkM(x) is the distance between the closest interfering MBS and the typical small
cell MU, and Dkj (x) is the distance between the closest interfering BS in the jth tier




















In (4.31), Ψ is given in (4.18).
Proof. Please refer to Appendix B.4.
In the following, we present the UL performance metrics which reflect the effect
of the self-IC, the density of SBSs, and the transmit power of SBSs on the UL
performance in the HCNs. We characterize the UL performance in terms of the
UL average ergodic rate.
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4.3.2 UL Average Ergodic Rate







where ΛULk is given in (4.22), and C
UL
k is the UL rate coverage probability between a









(∣∣∣Xo,bk0 ∣∣∣) )]], (4.34)
where SINRULk is given in (4.13) and γ
UL is given as
γUL = eγ
UL
R − 1, (4.35)
and γULR is the UL rate threshold.
Theorem 4.3.3. The UL average ergodic rate of a typical MU associated with the







































































Proof. The proof follows analogous steps to Theorem 1.
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4.4 Performance Comparison with the
Conventional HD HCNs
In order to compare the performance of the proposed HCNs with FD SBSs with
that of the conventional HD HCNs with HD SBSs, the average ergodic rate of a
random MU in HCNs is defined as
R = RDL +RUL, (4.37)
where RDL and RUL are given in (4.23) and (4.33), respectively. Furthermore, we





where RDLSBS and R
UL are given in (4.23) and (4.33), respectively.
4.5 Numerical Results
In this section, we investigate the system performance in the DL and the UL
in terms of the average ergodic rate of HCNs with multiuser MIMO antennas at the
MBSs and FD operation at the SBSs. We plot the DL average ergodic rate and the UL
average ergodic rate using (4.23) and (4.33), respectively. We validate the accuracy
of the derived expressions for a two-tier HCNs with network radius An = pi(1000)
2
km2 consisting of HD macrocells with density λbM and FD small cells with density
λb2 , via Monte Carlo simulations. The interference approximations in Section 4.2.4
are not made in the simulation. The simulation is repeated and averaged over 10,000
iterations. The results presented in the figures of this section validate the accuracy
of our approach to characterize the interferences and show that the assumptions
made have a minor effect on the accuracy of the proposed analytical model. Unless
specified, the parameter values used in this section are listed in Table 4.2.
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Table 4.2: Parameter Values unless specified for HCNs with FD Small Cells
Parameter Value Parameter Value
λbM 5× 10−5 λb2 20λbM
PM 40 dBm P2 33 dBm
Pu 23 dBm UM 5
αM 3.5 α2 4
N0 −100 dBm PkhLI 0

































Simu. HD Small Cell (DL) 
Simu. - Proposed HCNs with FD SBSs 
Simu. - Conventional HCNs with HD SBSs (DL)





Ex. Ana. - Conventional HCNs with HD SBSs
2 M
Figure 4.2: Average Ergodic Rate in a two-tier HCNs with UM = 2.
4.5.1 Performance comparison of the proposed HCNs with
the conventional HCNs
In Fig. 4.2, the average ergodic rate of the proposed HCNs with HD MBSs
and FD SBSs is compared with that of the conventional HCNs with HD MBSs and
HD SBSs. The average ergodic rate of a small cell MU in the proposed HCNs is
plotted using (4.38), and that in the conventional HCNs using RDLSBS in (4.38) with
no UL interference from the MUs, i.e., Iusul,uk0 = 0 in (4.9). The average ergodic
rate of a random MU in the proposed HCNs is plotted using (4.37), and that in
the conventional HCNs RDL in (4.37) with no UL interference from the MUs, i.e.,
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Figure 4.3: Average Ergodic Rate in a two-tier HCNs with N = 10.
Iusul,uM0 = 0 in (4.5) and Iusul,uk0 = 0 in (4.9).
The average ergodic rate of a small cell MU in the proposed HCNs is observed to
be higher than that in the conventional HCNs for larger λb2 . Similarly, the average
ergodic rate of a random MU in the proposed HCNs is shown to be higher than
that in the conventional HCNs. It is shown that the average ergodic rate improves
with the increase in N due to antenna array gain. Furthermore, with the higher N ,
the average ergodic rate of a small cell MU and a random MU in HCNs decreases
with the increase in λb2 both in the proposed and the conventional HCNs. This is
due to the increased interference from the SBSs. However, with the smaller N , the
average ergodic rate of small cell MU increases with the increase of λb2 both in the
proposed and conventional HCNs. The smaller antenna array gain with smaller N
implies larger number of MUs to be associated to the SBSs. Therefore, increasing
the number of SBSs results into increased average ergodic rate of a small cell MU.
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4.5.2 Impact of number of SBSs on the DL and UL average
ergodic rate
Fig. 4.3 examines the effect of λb2/λbM on the DL and UL average ergodic rate
using (4.23) and (4.33), respectively. It can be observed that with the increase of
λb2/λbM , the DL average ergodic rate of a typical macrocell MU, small cell MU, and
random MU in HCNs decreases. This is due to the increased interference from the
large number of SBSs. The UL average ergodic rate in small cells is observed to be
increased with the increase in λb2/λbM . This is due to the reason that with large
number of SBSs, the distance between the active MU and its serving SBS becomes
smaller, which enhances the received power at the SBS. The average ergodic rate
of a random MU in HCN is plotted by (4.37), which is shown to decrease with the
increase of SBSs. The reason is the dominant effect of decreased DL avearge ergodic
rate of both the tiers.
4.5.3 Impact of SI cancellation capability with different
SBS density and SBS transmit power on the UL
average ergodic rate
Fig. 4.4 plots the UL average ergodic rate versus SI cancellation capability LdB
using (4.33). As expected, an increase in the LdB increases the UL average ergodic
rate of the small cell MU. The increase of the density of SBSs increases the UL average
ergodic rate of the small cell due to the decreased distance between the MU and the
SBS. However, with the increase of the SBS transmit power, the UL average ergodic
rate decreases due to the increase in SI.
4.6 Chapter Summary
In this chapter, a tractable model for multiuser MIMO in HCNs with FD small
cells is presented. Relying on stochastic geometry, the analytical expressions for the
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LdB
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Figure 4.4: Uplink Average Ergodic Rate in a two-tier HCNs with parameters λb2 =
10λbM .
DL average ergodic rate for macrocell and small cell MUs, and the UL average ergodic
rate of small cell MU are derived. It is shown that the average ergodic rate of a typical
MU in the proposed HCNs with FD SBSs outperforms that in conventional HCNs
with HD SBSs. The average ergodic rate of the network is shown to be improved
with increasing the number of antennas at the MBSs. It is observed that the UL
average ergodic rate of FD small cells improves with the decreased SBS transmit
power. Furthermore, increasing the number of FD SBSs results into improved UL
performance but degraded DL performance.
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Massive Multiuser MIMO in
K-tier HCNs with FD Small Cells
and UL Power Control
5.1 Introduction
Alike in Chapter 4, the benefits brought by FD SBSs in HCNs for higher
spectrum efficiency continues to be exploited in this chapter. The FD small cells
have the potential of enhancing the spectral efficiency of the network, however, they
also increase the interference due to the simultaneous DL and UL transmission on
the same band which decreases coverage [72]. In order to compensate this cost, a
simple solution is to employ massive multiuser MIMO at the BSs. It was shown in
[43] that large scale MIMO system could be the preferred route compared to the
network MIMO towards interference mitigation in multicell networks. In addition, it
is found in [133] that the energy efficiency in multiuser MIMO is achieved in a massive
multiuser MIMO setup wherein hundreds of antennas are deployed to serve relatively
many users using regularized zero-forcing precoding. Towards this end, combining
massive multiuser MIMO and small cells has shown to greatly improve the total
power consumption of the network in [134]. However, due to the facts that: 1) a more
powerful SI cancellation scheme is required to make FD MIMO systems feasible, and
2) the residual interference at each receive chain increase linearly with the number
of antennas [135], massive multiuser MIMO is considered only at the MBSs. For the
proposed HCNs, massive antennas at MBSs ensure coverage over large areas, while
SBSs act as capacity-drivers [136]. Moreover, distance-proportional fractional power
control is employed in the UL for: 1) mitigating the near-far problem that occurs
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when a BS cannot decode the signals of cell-edge MUs due to the much greater
received power (and thus interference) caused by intracell MUs, and 2) improving
battery utilization of the MU [91, 92].
The performance of the DL and the UL transmission of the proposed HCNs is
evaluated in terms of rate coverage probability and ASE. Most of the existing work
investigates the spectral efficiency while decrease in coverage probability is not taken
into account as a metric to assess the system. In this chapter, the ASE vs. coverage
trade-off of the proposed HCNs is investigated as adjusting the number of antennas
at MBSs with massive multiuser MIMO and the FD SBS densities affect both the
link reliability and ASE of the HCNs. The aim is to find the system parameters such
that some given constraints in terms of ASE or, alternatively, of rate coverage, can
be achieved.
The rest of the paper is organized as follows. In Section 5.2, the system model of
HCNs with massive multiuser MIMO at the MBSs and FD operation at the SBSs is
discussed. In Section 5.3, the cell association model is presented and the rate coverage
probability and ASE both in the DL and the UL are derived. The performance
comparison of the proposed HCNs with FD SBSs with the conventional HCNs with
HD SBSs is presented in Section 5.4. Finally, numerical results are discussed in
Section 5.5 before the paper is summarized in Section 5.6.
The notations commonly used throughout the paper are presented in Table 5.1.
5.2 System Model
In this chapter, a K-tier HCNs is considered, where the MBSs and the SBSs
are spatially located in R2, following HPPP, ΦbM and Φbk with intensity λbM and λbk
(k = 2, · · · , K), respectively. Massive multiuser MIMO is assumed at the MBSs,
where each BS is equipped with N antennas, serving UM MUs (1 < UM  N), and
operates in HD mode. Each SBS is equipped with single antenna, and is transmitting
and receiving at the same time in FD mode [123, 124]. All the MUs have single
antenna and operate in HD mode. In this work, the focus is on the DL performance
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Table 5.1: Frequent Notations for Massive MIMO in HCNs with FD Small Cells
Notation Definition
PM Transmit power of MBS
Pk Transmit power of kth tier SBS
ρk Receiver’s sensitivity at the kth tier SBS
 UL power control factor
αM Path loss exponent for Macrocell
αk Path loss exponent for kth tier small cell
Ga Array gain of MBS antenna
β Frequency dependent constant value




DL Signal Self Interference
MU
UL Signal with 
Power Control
Figure 5.1: Example cells of the proposed HCNs with HD massive multiuser MIMO
MBS and FD SBSs.
of the macrocell without pilot contamination, while the SBSs have transmissions in
the DL and UL simultaneously due to the FD operation. The performance of the UL
transmission of MBSs can be easily analyzed following the proposed method of our
work. In HCNs with FD small cells, the DL and UL small cell transmissions occur
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simultaneously by reusing the spectrum of the DL macrocell transmissions due to the
full frequency reuse in HCNs [125]. The network is assumed to be fully-loaded, such
that each MBS has UM active MUs [74, 75], and each SBS serves one active DL MU
and one active UL MU in each time instant [63], as shown in Fig. 5.1. Accordingly,








The analysis will be performed at a typical MU, which is assumed to be at the origin.
The channel path loss over the distance |x| is modelled as β|x|−α, where β is the
frequency dependent constant value and α is the path loss exponent. The channels
are modeled as independent and identically distributed (i.i.d.) quasi-static Rayleigh
fading. The TDD mode is assumed, where channel reciprocity can be exploited
and allows a BS to estimate its DL channels from UL pilots sent by the MUs.
Therefore, the resulting number of pilots scales linearly with the number of MUs,
and is independent of the number of antennas in contrast to FDD. The TDMA is
assumed, where several MUs share the same channel in different time slots, thus
the BS transmit power is independent of the density of active MUs, and there is no
intra-cell interference in each cell. In a snap of time, each MBS can serve UM MUs
and each FD SBS serves one DL and one UL MU per channel.
5.2.1 BS and MU Transmit Power Allocation
Each MBS and SBS transmit with fixed power, PM and Pk, respectively.
To limit the UL interference and reduce the overall power consumption of MUs,
distance-proportional fractional power control [91] is employed in the UL, where the
MU at a distance d from the associated SBS adjusts its transmit power to compensate
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where 0 ≤  ≤ 1, is the power control factor, and ρk is the receiver sensitivity of the
kth tier SBS.
5.2.2 Massive multiuser MIMO
Each MBS transmit UM data streams using linear zero-forcing ZFBF with the
equal transmit power allocation [43], thus the uncorrelated intra-cell interference
is suppressed. Sophisticated channel estimation design with sufficient training
information that guarantees perfect CSI [137] is assumed. In the training phase, each
MU sends a pre-assigned orthogonal pilot sequence to the MBS, which is perfectly
estimated by the MBS without pilot contamination, therefore the perfect channel
state information is available at the BSs and MUs. The non-pilot contamination
assumption is valid when the pre-assigned pilot sequences used in different macrocells
are orthogonal to each other [138]. The maximum number of MUs per MBS depends
on the dimension of the UL pilot field. Accordingly, the number of channel vectors
that can be estimated and for which the DL precoder can be designed is determined.
In the proposed model, the number of MU served by each MBS is assumed to be
fixed.
5.2.3 SI Cancellation for FD Small Cells
The SBS in FD mode receives self-interference from its transmitted signal, and
performs SI cancellation to combat it. Since, the amount of SI depends on the
transmit power of the SBS, the residual SI power after SI cancellation is defined as
[38, 41]
PRSI (Pk) = Pk|hRSI ,k|2, (5.2)
where hRSI ,k is the residual self interfering channel of a kth tier BS, and hRSI ,k is
characterized according to the cancellation algorithms. In this chapter, a constant
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value for hRSI ,k is considered, similar as in Chapter 4, i.e.,
|hRSI ,k|2 = 10LdB,k/10, (5.3)
where LdB,k is the ratio between the residual self-interference after interference
cancellation and the transmit power at the kth tier BS as defined in [69].
5.2.4 Cell Association
To obtain the strongest received signal, the maximum received power cell
association rule is considered in the DL transmission, where the DL MU connects
to the BS, which provides the maximum long-term average received power [117]. The







where the array gain Ga of ZFBF transmission is N − UM + 1 [43].
The average received power at a DL MU that is connected to the kth tier SBS
bk (bk ∈ Φbk), is expressed as
Pr,bk = Pkβ
(∣∣Xbk,uk∣∣)−αk . (5.5)
For the UL transmission, the MUs can only associate with the FD SBSs. Considering
that the HD UL MU associated to the nearest BS can maximize the UL
signal-to-interference-plus-noise ratio (SINR) [63], the nearest BS cell association is
considered in the UL.
Based on the cell association model, the set of interfering MUs and FD SBSs
may correlate. However, to maintain model tractability, the set of interfering MUs is
assumed to be independent of the set of interfering FD SBSs as in [61, 132].
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5.2.5 SINR Models
5.2.5.1 DL SINR of a Macrocell MU
With massive multiuser MIMO at the MBSs, the SINR for a typical DL macrocell











where the massive multiuser MIMO gain, N − UM + 1, and the impact of equal
power allocation per backhaul stream (i.e., the denominator of MBS’s transmit power
PM
UM
) have been incorporated in (5.23). In (5.6), IMmM,uM0 , IS,uM0 , and Iusul,uM0 are the




























∣∣∣Xz,uM0 ∣∣∣−αj , (5.9)
respectively. In (5.7),
∣∣∣Xx,uM0 ∣∣∣ is the distance between the interfering MBS and the
typical macrocell MU, and the approximation in (a) results due to the fact that with
the large number of UM, i.e., (1 < UM  N), the small scale channel fading vanishes
by the channel hardening effect as in [80]. In (5.8) and (5.9), hy,uM0 ∼ exp (1) and
hz,uM0 ∼ exp (1) denote the small-scale fading channel power gains from the SBSs to
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the typical DL macrocell MU and from the UL small cell MUs to the typical DL
macrocell MU, respectively, and their corresponding distances are denoted as
∣∣∣Xy,uM0 ∣∣∣
and
∣∣∣Xz,uM0 ∣∣∣, respectively. In (5.9), ρjβ−|Rz,bz |αj is the transmit power of the UL
MU at a distance of |Rz,bz | from its serving SBS, where ρj is the receiver sensitivity
at the SBS of the jth tier and  is the power control factor.
5.2.5.2 DL SINR of a Small Cell MU





IMmM,uk0 + IS,uk0 + Iusul,uk0 +N0
, (5.10)
where go,uk0 is the small-scale fading channel power gain between the typical DL small
cell MU and its serving SBS, and
∣∣∣Xo,uk0 ∣∣∣ is the distance between the typical DL small
cell MU and its serving SBS. In (5.10), IMmM,uk0 , IS,uk0 , and Iusul,uk0 are the interference






















∣∣∣Xz,uk0 ∣∣∣−αj , (5.13)
respectively. In (5.11),
∣∣∣Xx,uk0 ∣∣∣ is the distance between the DL small cell MU and the
MBSs and the approximation in (a) results as the small scale fading factor vanishes
due to channel hardening effect. The distances between the typical DL small cell MU
and the other SBSs, and the UL small cell MU are denoted as
∣∣∣Xy,uk0 ∣∣∣ and ∣∣∣Xz,uk0 ∣∣∣,
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respectively.
5.2.5.3 UL SINR of a Small Cell MU





PRSI (Pk) + IMmM,bk0 + IS,bk0 + Iusul,bk0 +N0
, (5.14)
where ρk is the receiver sensitivity of the serving SBS, go,bk0 ∼ exp (1) is the small-scale
fading channel power gain between the typical UL small cell MU and its serving SBS,∣∣∣Xo,bk0 ∣∣∣ is the corresponding distance, and PRSI (Pk) is the residual SI power after
performing cancellation given in (5.2). In (5.14), IMmM,bk0 IS,bk0 , and Iusul,bk0 are the























∣∣∣Xz,bk0 ∣∣∣−αj , (5.17)
respectively. In (5.15),
∣∣∣Xx,bk0 ∣∣∣ is the distance between the typical SBS and interfering
MBS and the approximation in (a) results as the small scale fading factor vanishes
due to channel hardening effect. The distances between the typical SBS and the
other SBSs, and the other UL small cell MUs are denoted as
∣∣∣Xy,bk0 ∣∣∣ and ∣∣∣Xz,bk0 ∣∣∣,
respectively.
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5.2.6 Interference Characterization
Characterizing the interference in proposed HCNs is the key challenge in
evaluating the system performance. The reason is the difficulty to obtain exact
characteristics of the interference from the UL small cell MUs to the DL macrocell
MU, Iusul,uM0 in (8), the interference from the UL small cell MUs to the DL small cell
MU, Iusul,uk0 in (12), the interference from the MBSs in the DL to the SBSs in the UL,
IM,bk0 in (14), and the interference from the SBSs in the DL to the SBSs in the UL,
IS,bk0 in (15). These interferences have been characterized in Section 4.2.4 of Chapter
4, using similar approximation as in [69].
5.3 Performance Evaluation
In this section, the performance of the proposed HCNs is presented in terms
of rate coverage probability and ASE. Since a typical MU can associate with at
most one tier, the performance of each tier as well as per tier association probability
determine the overall performance of HCNs in the DL and the UL as per the law
of total probability. To facilitate the analysis, the per tier association probability is
presented first.
DL Cell Association
The probability that a typical MU is associated with the MBS is derived as
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Similarly, the probability that a typical MU is associated with the kth tier SBS




















where Ψ is given in (5.19).
(5.18) and (5.20) confirm the intuition that BS density is dominant in
determining the tier association than the antenna gain and the transmit power
because (α > 2) both in practice and the considered network model. Moreover,
higher antenna gain lead more MUs to connect to a macrocell when BS density and
transmit power of each tier are equal or close.
UL Cell Association
In the UL transmission, a typical MUs can only associate with the nearest FD














which means that a MU prefers to associate with a tier having higher BS density.
Furthermore, the BS density of each tier is the only factor in determining the UL cell
association.
5.3.1 DL Rate Coverage Probability
In this section, the DL rate coverage probability of a typical MU in K-tier HCNs
is derived. The DL rate coverage probability of a random MU in the K-tier HCNs is
95










where ΛM and Λ
DL
k are given in (5.18) and (5.20), respectively, CM(R
DL) is the DL
rate coverage probability of a typical macrocell MU, and CDLk (R
DL) is the DL rate
coverage probability of a typical small cell MU.
In (5.22), the DL rate coverage probability between a typical MU and its serving




















In (5.24), Ψ is given in (5.19) and γDL is given as
γDL = eR
DL − 1. (5.25)
In (5.25), RDL is the DL rate threshold. Similarly, the DL rate coverage probability
of typical MU at a distance









(∣∣∣Xo,uk0 ∣∣∣) ≥ γDL
∣∣∣∣∣∣∣Xo,uk0 ∣∣∣]], (5.26)
where SINRDLk and γ
DL are given in (5.10) and (5.25), respectively.
For massive multiuser MIMO at the MBSs, the DL rate coverage probability of
a typical MU associated with the MBS and the kth tier SBS in Theorem 5.3.1 and
Theorem 5.3.2, respectively.
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Theorem 5.3.1. For the massive multiuser MIMO regime, the DL rate coverage












































































































, Ψ, and λI
ΦUL
bj
(r) are given in (5.18), (5.24), (5.19), and (C.6),
respectively.
Proof. See Appendix C.1.
Theorem 5.3.2. For the massive multiuser MIMO regime, the DL rate coverage
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and ΛDLk , γ
DL, Ψ, and λI
ΦUL
bj
(r) are given in (5.20), (5.25), (5.19), and (C.6),
respectively. In (5.33), DMk (x) is the distance between the closest interfering MBS
and the typical small cell MU, and in (5.34), Dkj (x) is the distance between the closest
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In (5.36), Ψ is given in (5.19).
Proof. The proof follows analogous steps to Theorem 5.3.1.
5.3.2 DL Area Spectral Efficiency
The DL ASE measures the capacity of HCNs in the DL defined by [74, 139, 140].
In this section, we define the DL ASE of the proposed model as
ASEDL = λbMUMCM(R













DL), and γDL are given in (5.27), (5.32), and (5.25),
respectively.
In the following, the UL performance metrics is presented which reflect the effect
of the self-IC, the density of SBSs, the transmit power of SBSs, and the power control
on the UL performance in the HCNs. The UL performance is characterized in terms
of the UL rate coverage probability and the UL ASE.
5.3.3 UL Rate Coverage Probability








where ΛULk is given in (5.21), and C
UL
k is the UL rate coverage probability between a








(∣∣∣Xo,bk0 ∣∣∣) ≥ γUL
∣∣∣∣∣∣∣∣∣∣Xo,bk0 ∣∣∣∣∣∣]], (5.40)
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where SINRULk is given in (5.14) and γ
UL is given as
γUL = eR
UL − 1, (5.41)
and RUL is the UL rate threshold.
Theorem 5.3.3. For the massive multiuser MIMO regime, the UL rate coverage



























































































and ΛULk and γ
UL are given in (5.21) and (5.41), respectively.
Proof. The proof follows analogous steps to Theorem 5.3.1.
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5.3.4 UL Area Spectral Efficiency
In this section, we derive the UL ASE in the K-tier HCNs. The UL ASE measures







UL) ln(1 + γUL), (5.46)
where CULk (R
UL) and γUL are given in (5.42) and (5.41), respectively.
5.4 Performance Comparison with the
Conventional HD HCNs
In order to compare the performance of the proposed HCNs with FD SBSs with
that of the conventional HD HCNs with HD SBSs, we define the total ASE of a
random MU in HCNs as
ASE = ASEDL + ASEUL, (60)
where ASEDL and ASEUL are given in (5.38) and (5.46), respectively. Furthermore,





where ASEDLSBS and ASE
UL are given in (5.38) and (5.46), respectively.
5.5 Numerical Results
In this section, the system performance in the DL and the UL is investigated
in terms of the rate coverage probability and the ASE of HCNs with massive
multiuser MIMO antennas at the MBSs and FD operation at the SBSs. The
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Table 5.2: Parameter Values unless specified for Massive MIMO in HCNs with FD
Small Cells
Parameter Value Parameter Value
λbM 5× 10−5 µ 20
PM 40 dBm P2 33 dBm
αM 3.5 α2 4
ρ2 −40 dBm  0.9
RDL 0.5 nats/sec/Hz RUL 0.5 nats/sec/Hz
N0 −100 dBm PkhLI 0
N 128 UM 5
performance of HCNs with multiuser MIMO at MBSs and FD at SBSs is compared
with that of massive multiuser MIMO at MBSs and FD at SBSs. The DL rate
coverage probability, the DL ASE, the UL rate coverage probability, and the UL
ASE are plotted using (5.22), (5.38), (5.39), and (5.46), respectively. The accuracy
of the derived expressions is validated for a two-tier HCNs with network radius
An = pi(1000)
2 km2 consisting of HD macrocells with density λbM and FD small
cells with density λb2 , via Monte Carlo simulations. The interference approximations
in Section II-H are not made in the simulation. The simulation is repeated and
averaged over 10,000 iterations. The results presented in the figures of this section
validate the accuracy of our approach to characterize the interferences and show that
the assumptions made have a minor effect on the accuracy of the proposed analytical
model. Unless specified, the parameter values used in this section are listed in Table
5.2.
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Figure 5.2: Rate coverage probability versus the number of MBS antennas.
5.5.1 Impact of number of massive multiuser MIMO
antennas at the MBS on the DL and UL Rate
Coverage Probability
Fig. 5.2 plots the DL and the UL rate coverage probability with massive multiuser
MIMO at the MBS as a function of the number of antennas N at the MBS. As
expected, the DL rate coverage probabilities of the macrocell MU and the small cell
MU in massive multiuser MIMO case increases with N due to the large antenna
array gain. However, the UL rate coverage probability of MU remains constant with
increasing N due to that: 1) the UL MU can only associate with the SBSs, and 2)
the interferences from N MBS antennas do not add coherently such that for the same
total transmit power, the interference level from a MBS to an UL MU is the same,
regardless of the number of N under i.i.d. Rayleigh fading channels.
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Simu. DL Small cell
Simu. DL Macrocell
Simu. UL Small cell
Asymp. Analysis
Figure 5.3: Rate coverage probability versus the ratio between SBSs density to MBSs
density.
5.5.2 Impact of number of SBSs density on the DL and UL
rate coverage probability
Fig. 5.3 compares the DL and the UL rate coverage probability with massive
multiuser MIMO at the MBS as a function of the ratio between the SBSs density to
the MBSs density (µ = λb2/λbM). The increase in λb2 improves the DL rate coverage
probabilities of macrocell MU and small cell MU. This is according to the fact that
increasing λb2 decreases the distance between the typical small cell MU and the
serving SBS. Thus, the MUs transmit with less power due to distance-proportional
fractional power control, which in turn reduces the UL interference for the macrocell
MU and the small cell MU. However, increasing λb2 decreases the UL rate coverage
probability due to the increased interference from larger number of SBSs.
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FD Small Cells 
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Figure 5.4: ASE versus the number of MBS antennas.
5.5.3 Performance comparison of the proposed HCNs with
the conventional HCNs
Fig. 5.4 compares the ASE of the proposed HCNs with FD SBSs to that of the
conventional HCNs with HD SBSs. The ASE of a random MU in the proposed HCNs
is plotted using (60), and that in the conventional HCNs using ASEDL in (5.38) with
no UL interference from the MUs, i.e., Iusul,uM0 = 0 in (5.6) and Iusul,uk0 = 0 in (5.10).
The ASE of a small cell MU of the proposed HCNs is plotted using (61), and that of
conventional HCNs using ASEDLSBS in (5.38) with no UL interference from the MUs,
i.e., Iusul,uk0 = 0 in (5.10). The ASE of the proposed HCNs is observed to be higher
than that of the conventional HCNs. This suggests the ASE improvement brought
by simultaneous transmission in DL and UL due to FD SBSs which dominates the
resulting additional interferences. With the increase in the number of antennas at
the MBSs, the ASE of the HCNs increases due to the increase in the rate coverage
probability with larger N as shown in Fig. 5.2. Moreover, similar trends are observed
for the small cell tier with improved ASE than that of the HCNs.
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5.5.4 Impact of SBS density with different number of MBS
antennas on the DL Performance
Fig. 5.5 (a) and Fig. 5.5 (b) examine the trade-off between the DL ASE and the
DL rate coverage probability versus the ratio between density of SBSs to density of
MBS (µ = λb2/λbM ) and the number of MBS antennas both for multiuser MIMO
and massive multiuser MIMO at the MBSs. In Fig. 5.5 (a) and Fig. 5.5 (b),
 = 0 and the transmit power at the MU Pu is taken as 23 dBm. Clearly, the
DL ASE and rate coverage probability with massive multiuser MIMO at the MBS
are higher as compared to those with multiuser MIMO at the MBSs due to sharp
beamforming. The massive number of antennas at MBSs brings the higher DL rate
coverage probability and ASE.
The DL ASE and the rate coverage probability of macrocell MU decreases with
increasing the SBSs density due to the increased interference from SBSs. However,
increasing the SBSs density λbk increases the DL ASE, but decreases the DL rate
coverage probability of small cell MU. With the increase in the SBSs density, the
number of DL small cell transmissions and the aggregate interference from small cells
increase, which results in a trade-off between DL ASE and rate coverage probability
for the small cell MUs. It is shown that the UL interference can be reduced
by employing UL power control in the UL, which improves the DL rate coverage
probability in Fig. 5.3.
5.5.5 Impact of SBS density with different MBS and SBS
transmit powers on the DL and UL Performance
Fig. 5.6 plots the DL and UL ASE and rate coverage probability as a function of
the transmit powers at the MBSs and SBSs. In Fig. 5.6,  = 0 and the transmit power
at the MU Pu is taken as 23 dBm. Increasing the MBS transmit power increases the
DL ASE and the rate coverage probability of all tiers, which is due to the increase
of SINRDLM in (5.6), and the reduced distance between the typical small cell MU
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(a) ASE versus Rate Coverage Probability,
multiuser MIMO.





















































(b) ASE versus Rate Coverage Probability,
massive multiuser MIMO.
Figure 5.5: The tradeoff between the ASE and the rate coverage probability for
various number of MBS antennas.
and the associated SBS. Moreover, the decrease in the UL ASE and the UL rate
coverage probability is observed with the increase in PM and Pk, which is due to the
increased cross-tier and co-tier interferences as can be seen from (5.14). Furthermore,
it is observed that the increase in the SBS density increases the UL rate coverage
probability in contrast to the decreased DL rate coverage probability for small cell
MU as shown in Fig. 5.5 (a) and Fig. 5.5 (b), which is due to the decreased distance
between the UL small cell MU and the serving SBS. It can thus be concluded that
the increase in the BS transmit power of each tier improves the DL performance in
contrast to the degradation in the UL performance. On the other hand, the increase
in the FD SBS density degrades the DL rate coverage probability whereas improves
the UL rate coverage probability. However, both the DL and UL ASE are observed
to be improved with the increase in FD SBSs density.
5.5.6 Impact of SI cancellation capability with different
SBS transmit power on the DL and UL Performance
Fig. 5.7 examines the impact of the SI cancellation capability LdB on the DL
and UL rate coverage probabilities. As expected, increasing LdB decreases the UL
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Figure 5.6: The tradeoff between the ASE and the rate coverage probability for
various MBS and SBS transmit powers.
rate coverage probability of the small cell MU. Moreover, increasing the SBS transmit
power decreases the UL rate coverage probability of the small cell MU, due to the
increased self interference. However, increasing the SBS transmit power increases
the DL rate coverage probability of a random MU, due to the increase of SINRDLk in
(5.14).
5.5.7 Impact of receiver sensitivity at the SBS with
different power control factors
Fig. 5.8 plots the DL and the UL rate coverage probability versus the receiver’s
sensitivity at SBSs ρ2 for various power control factors . Increasing ρ2 increases
the UL rate coverage probability, and degrades the DL rate coverage probability.
This is due to the reason that decreasing the the SBS receiver sensitivity (i.e., an
increase in ρ2) increases the transmit power required at each MU to perform channel
inversion towards serving SBS, which in turn increases the useful signal power at
the its associated SBS and the interference at the other BSs and MUs. Similarly,
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Figure 5.7: Rate coverage probability
versus SI cancellation capability for
various SBSs transmit powers.
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Figure 5.8: Rate coverage probability
versus SBSs receivers sensitivity for
various SBSs power control factors.
higher power control factor  improves the UL performance, but degrades the DL
performance. These results demonstrate that ρ2 and  can be optimized for joint DL
and UL performance gain. The DL and UL performance of HCNs with UL power
control is also compared to that without UL power control when the MUs transmit
power is Pu = 23 dBm. The UL rate coverage probability in HCNs without UL power
control is shown to be very small due to the increased inter-cell interference from the
UL MUs.
5.6 Chapter Summary
In this chapter, a tractable model for massive multiuser MIMO-enabled HCNs
with FD small cells and UL power control is investigated. Relying on stochastic
geometry, the analytical expressions for DL rate coverage probability and ASE for
macrocell and small cells, and UL rate coverage probability and ASE for small cells are
derived. Numerical results demonstrated the benefits brought by massive multiuser
MIMO in achieving high rate coverage probability and the benefits brought by of
FD SBSs in achieving high ASE. It is shown that the SBSs density and the number
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of antennas at the MBSs can be used as design parameters to target optimal DL
ASE and DL rate coverage probability. The results also demonstrate that, to achieve
similar performance in the DL and the UL, UL power control should be employed.
With the advancements of massive multiuser MIMO and SI cancellation in FD, the
proposed HCNs will prove to be a promising candidate for 5G systems.
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Conclusions and Future Work
In this chapter, the main conclusions of the works in this thesis are presented.
Some interesting future research directions are also explored in Section 6.2.
6.1 Summary of Contributions
To cope with sheer volume of data for emerging future applications, such as smart
cities, health monitoring devices, and driverless cars, and to meet with the escalating
growth of the number of devices and the data rates, the next generation networks
need to be a paradigm shift that includes dense base station and unprecedented
numbers of antennas. Alongside, the energy efficiency of the communication network
becomes even more critical consideration and will need to improve by at least the
same amount as the data rate just to maintain the power consumption. This evokes
the rise of efficient spectrum and energy utilization techniques for future wireless
communications.
It is the aim of this thesis to investigate various heterogeneous network
architectures with state-of-the-art spectral and energy efficient technologies. In this
dissertation, the HCNs are modeled using random spatial models, where the locations
of the BSs are assumed to form a realization of a spatial point process. The analysis
presented is tractable which helps to gain system design insights using tools from
stochastic geometry and spatial statistics. Since each chapter presents an independent
network model, the main contributions of the thesis are summarized below with
concluding remarks.
Chapter 3 is concerned with SWIPT in K-tier HCNs, where the information is
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decoded and energy is harvested from the DL signal using power splitting protocol.
The harvested energy is then utilized for UL information transmission. A tractable
model using stochastic geometry was built to analyze the DL wireless power transfer
and information transmission and UL information transmission with the NBS and
the MRP cell associations. The average received power at MUs, the DL and the
UL outage probabilities and average ergodic rates were derived to demonstrate
the intrinsic relationship between the energy harvested from the BSs in the DL
and the MUs performance in the DL and the UL. It is concluded that the small
cell BS density improves the DL performance of macrocell and picocell MUs with
the NBS cell association, whereas has little impact on that with the MRP cell
association. Moreover, increasing the small cell BSs improves the UL performance
of both macrocell and picocell MUs with the NBS cell association, whereas degrades
that with the MRP cell association. By increasing the fraction of the received power
used for harvesting energy, the UL performance is shown to be improved, whereas by
increasing the SBSs density, the energy efficiency is improved.
Motivated by the recent advancements in SI cancellation capability of low-power
wireless devices, FD SBSs in K-tier HCNs were considered in Chapter 4 with the
benefits brought by FD communications. The FD small cell tier allows the use of
same frequency spectrum for the DL as well as the UL transmissions of the small
cells concurrently. The performance of the MU in the considered network is limited
by several sources of interferences, such as the SBS in the DL to SBS in the UL
interference and the SI, which were characterized in this work. A framework that
models the DL and the UL average ergodic rates of a MU in the proposed HCNs with
HD multiuser MIMO MBSs and FD SBSs is developed using tools from stochastic
geometry. Numerical results compare the performance of the proposed HCNs with
FD SBSs to that of the conventional HCNs with HD SBSs and the former is shown
to outperform the later. It is also demonstrated that maintaining a correct density of
FD small cells and appropriate SI cancellation value is crucial in achieving a desirable
performance in both the DL and the UL.
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Finally, Chapter 5 is built upon the K-tier HCNs with FD small cells proposed in
Chapter 4, where massive multiuser MIMO are employed at the macrocells to improve
the coverage performance that otherwise degrades by the DL, the UL, and the self
interferences due to the FD small cells. It also considers the UL power control which
benefits from maximizing the UL received signal power while limiting the generated
interference. Using stochastic geometry analysis, the analytical expressions for the
DL rate coverage probability, the DL ASE of the macrocells and small cells, the
UL rate coverage probability, and the UL ASE of small cells are derived to evaluate
the link reliability and spectral efficiency. Performance evaluation demonstrate the
effectiveness of massive multiuser MIMO at the MBSs and the FD SBSs in enhancing
the rate coverage probabilities and the ASEs. Additionally, one interesting conclusion
is that the distance-proportional fractional power control can be tuned to achieve
a desirable performance in both DL and UL, where decreasing the power control
factor degrades the UL rate coverage probability, but improves the DL rate coverage
probability.
6.2 Future Research
Several interesting future directions are highlighted as follows, which are deemed
to be worthy of further investigation based on the results attained in this thesis.
6.2.1 Massive MIMO enabled SWIPT based HCNs
It would be interesting to investigate the potential gain in spectral and energy
efficiency by considering massive MIMO technique to SWIPT based WPCNs. Massive
MIMO employs a large number of antennas at the BS to exploit the high antenna
array gain. The large antenna array improves the throughput by providing large
degree of freedom, as well as enhances the received signal power by generating
very sharp beams. Massive MIMO will thus boost the performance of WPCNs
both in terms of spectrum and energy efficiency. Future work will also include the
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analysis for a battery free MU with UL power control, where the probability that the
instantaneous received power is sufficient to perform channel inversion power control
need to be evaluated along with the coverage probability. Moreover, the network
parameters, such as the time allocation factor, the power splitting factor could be
optimized for the improved SWIPT based HCNs.
6.2.2 SI Channel Modeling
More recently, Rician fading model has been used for SI channel modeling in
the stochastic geometry based analysis of FD communication networks, where the
SI channel is treated as a random variable and the performance metric is obtained
by averaging out over the SI channel distribution. An exciting area is to model and
analyze SI aware fractional power control, where the MUs adjust their transmit power
based on the distance-dependent path-loss, SI, and maximum available transmit
power.
6.2.3 Pilot Contamination at massive MIMO BSs
Most of the literature assume no pilot contamination in massive MIMO enabled
cellular networks, which might not be practical in reality. In Chapter 5, non-pilot
contamination is assumed at massive MIMO MBSs, where each MU sends a
pre-assigned orthogonal pilot sequence to the MBS, which is perfectly estimated by
the MBS. It would be interesting to include the impact of pilot contamination, where
additional interferences from those MBSs, which use the same pilot sequences would
be considered.
6.2.4 Stochastic Geometry based Analysis of Distributed
Antenna Systems
A distributed antenna system (DAS) is also one of the promising technologies
to effectively improve spectral and energy efficiency of wireless communications. The
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DAS is implemented with multiple distributed antennas through BSs located in
different cells, thus can mitigate large-scale fading using many antennas distributed
geographically. Since practical remote antennas in the DAS may be placed at
arbitrary locations to cover the dead spots, therefore can be modeled as a spatial
random process. Analysing the DAS using tools from stochastic geometry would be
an interesting study. More interesting would be to compare the DAS with massive
antenna ports (APs) to the co-located massive MIMO technique.
6.2.5 More Realistic Spatial Models for MU and BS/AP
locations
With the exponential growth of mobile data traffic, the SBSs are deployed
densely and there exists spatial coupling between MU and BS locations. Accordingly,
modeling the HCNs with HPPP is not rich enough to capture the clustering of nodes
that exists in real-world HCNs deployments. Recently, there has been great interest
to reduce this ever-increasing gap between the PPP-based HCNs model and the
real-world deployments by modeling a fraction of MUs and an arbitrary number of
BS tiers using Poisson cluster processes (PCPs). In the next work, the distributed
antenna ports within each cell in DASs will be modeled by PCP to account for the
randomness in the topology of DAS.
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Proofs from Chapter 3
A.1 Proof of Lemma 3.3.1
The average value of Ib
k̂
































where (a) follows from the fact that |hb
k̂
|2 ∼ exp(1). In (A.1), the PDF of ∥∥xb
k̂
∥∥ with






= 2κx exp{−κx2}, (A.2)
where κ is given in (3.14).
Substituting (A.2) into (A.1), and simplifying the resulting equation using [119,
eq. 3.381.1] and [119, eq. 3.381.6], E[Ib
k̂























to satisfy the NBS cell association. Applying the Campbell’s Theorem [23] to (A.3),
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Substituting the PDF of
∥∥xb
k̂
∥∥ with NBS cell association from (A.2) into (A.5), and
solving the resulting equation by using [119, eq. 3.381.1] and [119, eq. 3.381.6],
E[Ibx ] is obtained. Combining the equations of E[Ibk̂ ] and E[Ibx ], the average received
power at the typical kth tier MU with NBS cell association in (3.8) is obtained as
Lemma 3.3.1.






















where Υk is given in (3.21) The average value of Ib
k̂




∥∥ with MRP cell association from (A.6) into (A.1). Further, the average value
of Ibx is derived as (A.4) with the interfering BSs located outside the disc of radius
rmin = δj,k
1/`jx`k/`j to satisfy the MRP cell association. Combining the resulting
equations of E[Ib
k̂




MRP cell association from (A.6) the average received power at the typical kth tier
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MU with the MRP cell association is derived as Lemma 3.3.2.
A.3 Proof of Theorem 3.4.1
According to (3.5) and (3.27), the DL outage probability of the typical MU in
the kth tier is given as


























∣∣hbj ,u0∣∣2L0∥∥xbj ,u0∥∥−`j , and
f∥∥∥xb
k̂
∥∥∥(x) with the NBS cell association is given in (A.2).
In (A.8) the CCDF of a typical MU at a distance x from its associated BS in


































∥∥`k}LIDLbx (βΩDLk ∥∥xbk̂,u0∥∥−`k) , (A.8)
where (a) follows from the fact that |hb
k̂
u0 |2 ∼ exp(1), and (b)
follows from the definition of Laplace transform of interference LIDLbx (s) =∞∫
x
exp
(−sΩDL) dPr (IDLbx ≤ ΩDL), where the integration limit follows from the fact
that the nearest interferer in jth tier is at least at rmin = x. Using generating
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functional of HPPP in [23] LIDLbx (s) is given as



































where (a) follows from the fact that |hbju0|2 ∼ 1 and fj,k is given in (3.32).
Simplifying (A.9) by employing change of variables z = f−2/`jk,j y2 (A.10) is derived,












Finally plugging (A.11) and (A.2) into (A.7), Theorem 3.4.1 is obtained.
A.4 Proof of Theorem 3.4.2
For the MRP cell association, the Laplace transform in (A.8) is evaluated with
lower integration limit rmin = δj,k
1/`jx`k/`j by utilizing the fact that the nearest
interferer in the jth tier is at least at δj,k
1/`jx`k/`j . Then following the similar steps
as of Theorem 1 with the PDF of
∥∥xb
k̂
∥∥ for the MRP cell association given in (A.6),
Theorem 3.4.2 is derived.
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A.5 Proof of Theorem 3.4.3
Based on (3.54), the DL average ergodic rate of a typical MU associated with





















SINRDLk (x) > (e




Simplifying (A.12) as of (A.11) and substituting (A.2), Theorem 3.4.3 is obtained.
A.6 Proof of Theorem 3.4.4
The DL average ergodic rate of a typical MU associated with the kth tier using
MRP cell association is derived by simplifying (A.12) following the similar steps as
of Theorem 3.4.2 for the MRP cell association and substituting (A.6).
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Proofs from Chapter 4
B.1 Proof of Lemma 4.3.1
When Pr,M > Pr,j for all j ∈ {2, ..., K}, a typical MU is associated with the
MBS. Therefore,















































and the PDF of
Rm are derived using the null probability of a 2-D Poisson point process with density




























Combining (B.1), (B.2), and (B.3), Lemma 4.3.1 is obtained.
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B.2 Proof of Lemma 4.3.2
Given the typical MU’s association with the MBS, probability of Xm > x can
be given as
Pr[XM > x] = Pr[Rm > x|n = M] = Pr[Rm > x, n = M]
Pr[n = M]
, (B.4)
where Pr[n = M] = ΛM follows from Lemma 4.3.1, and the joint probability of
Rm > x and n = M is
Pr[Rm > x, n = M ] = Pr
[












































where (a) follows from (4.3) and (4.4), and (b) is given from (B.2) and (B.3).
Substituting (B.5) into (B.4) gives









































B.3 Proof of Theorem 4.3.1



























f|Xo,M| (x) dxdτ, (B.8)
where f|Xo,M| (x) is the PDF of the distance between a typical MU and its serving



























d Pr(IuM0 ≤ γ), (B.9)
where (a) follows from go,uM0 ∼ Γ (N − UM + 1, 1). After some mathematical































































































where (a) is obtained by using generating functional of PPP [141] and (b) follows
from hm,uM0 ∼ Γ (UM, 1) and using Binomial expansion. Likewise, LIS,uM0 (s) is the

















where DMj (x) is the distance between a typical MU and the closest interfering BS in




(s) is the Laplace transform of the PDF of IuSul,uM0 . Due
to difficulty in obtaining the exact characteristics of IuSul,uM0 , we assume the distance
between a typical macrocell MU and the UL MU of FD SBS can be approximated
as the distance between a typical macrocell MU and the interfering FD SBS as in



















where the integral has a lower limit of zero as the nearest UL MU of FD SBS can be
arbitrarily close to the typical macrocell MU. Plugging (B.12), (B.13) and (C.5) into
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(B.11), after some mathematical manipulations, LI
uM0
(s) is derived as
LI
uM0
(s) = e−ζ(s), (B.15)
where ζ(s) is given by (4.29). Substituting (B.15) into (B.10), and using the Faa di
Bruno’s formula, we obtain PMCov(τ). Finally, plugging P
M
Cov(τ) into (B.8), we obtain
(4.27).
B.4 Proof of Theorem 4.3.2
Similar to (B.8), Theorem 4.3.1, the DL average ergodic rate of the small cell
















f|Xo,k| (x) dxdτ, (B.16)
where f|Xo,k| (x) is the PDF of the distance between a typical MU and its serving
SBS given by (4.21). In (B.16), P kCov(τ) is evaluated as


























where (a) follows from go,u10 ∼ exp(1), and (b) follows from the definition of Laplace
















































































where (a) is obtained by using generating functional of PPP [141] and (b) follows from
hm,uk0 ∼ Γ (UM, 1) and using Binomial expansion. In (B.19), DkM(x) is the distance
between the closest interfering MBS and the typical MU given in (4.31). Likewise,
LI
S,uk0

















where Dkj (x) is the distance between a typical MU and the closest interfering BS in




(s) is the Laplace transform of the
PDF of IuSul,uk0 . Due to difficulty in obtaining the exact characteristics of IuSul,uk0 , it is
assumed that the distance between a typical DL small cell MU and the UL MU of
FD SBS can be approximated as the distance between a typical DL small cell MU



















where the integral has a lower limit of zero as the nearest UL MU of FD SBS can be
arbitrarily close to the typical small cell MU. Substituting (B.19), (B.20) and (B.21)
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into (B.18), after some manipulations, LI
uk0
(s) is derived as
LI
uk0
(s) = e−Ξ(x,τ), (B.22)
where Ξ(x, τ) is given by (4.31). Plugging (B.22) into (B.17), we obtain P kCov(τ).
Finally, plugging P kCov(τ) into (B.16), we obtain Theorem 4.3.2.
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Proof from Chapter 5
C.1 Proof of Theorem 5.3.1
Based on (5.6), the DL rate coverage probability of the macrocell with massive












f|Xo,M| (x) dx, (C.1)
where we resort to apply the Gil-Pelaez inversion theorem [142] and the CDF of the
interference FI
uM0



































where Im(.) represents the imaginary part of the argument. In (C.2), the Laplace











































where (a) follows from the probability generating functional of PPP. In (C.3), Γu
denotes the upper incomplete Gamma function. Similarly, LI
S,uM0























αj is the distance between a typical MU and the closest

































where (a) follows from the probability generating functional of a PPP and the fact
that the UL interference field is a non-homogeneous PPP with distance dependent















where (AULj = λbj/
K∑
i=2
λbi) is the repulsion parameter as in [143]. In (C.6), the integral
has a lower limit of zero as the nearest UL MU of FD SBS can be arbitrarily close to






Finally substituting LIMmM ,uM0 (−jw), LIS,uM0 (−jw), and LIusul,uM0 (−jw) into (C.2),
and plugging (C.2) into (C.1), Theorem 5.3.1 is obtained.
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